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Abstract 
Forest ecosystems contribute substantially to biogeochemical processes on the earth. 
Understanding their responses to climate change is essential to the prediction of future 
climate as they could accelerate or decelerate the rates at which atmospheric CO2 
concentrations and associated global temperatures are rising, depending on their carbon (C) 
storage capacity. However, very little is known about how mature forests respond to climate 
change, particularly those growing under P limitation, or NP co-limitation. This thesis aimed 
to investigate the effects of elevated (e)CO2 (ambient +150 ppm) on soil nutrient dynamics 
and understorey plant community composition in a novel field CO2 exposure experiment in a 
mature, P-limited, native Eucalyptus woodland (EucFACE). It also investigated the effects of 
elevated temperature (eTemp; ambient +3 ℃) on soil nutrient dynamics using whole-tree 
chambers (WTCs) in which Eucalyptus tereticornis trees were grown. I found seasonally-
dependent positive effects of eCO2 on the availability and turnover of soil N and P over an 
18-month period, with concurrent higher concentrations of dissolved organic carbon (DOC) 
in soil solution and lower soil pH. P availability was enhanced to a greater extent than N, 
resulting in decreased N:P ratios. The WTC experiment showed that, whilst eTemp enhanced 
P turnover and availability, and increased DOC in soil solution, effects on N availability and 
turnover were not statistically significant. In the case of both eCO2 and eTemp, increased 
DOC alongside increased soil P availability and decreased soil N:P ratios, suggests that plants 
adjusted their C investment strategies as their demand for nutrients, particularly P, increased. 
The EucFACE experiment also showed that eCO2 increased C3 plant species abundance 
compared to C4, and decreased species diversity in the understorey community. This thesis 
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provides novel insights into and empirical evidence of soil nutrient, particularly P, dynamics 
under P-limited ecosystems in a higher CO2 and warmer world. 
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Tables and Figures 
Tables 
Table 2.1 Summary of linear-mixed effects models of CO2 and soil variable effects 
(LMMcov) on ion exchange resin membrane (IEM)-adsorbed nutrients, soil extractable 
nutrients, turnover rates of inorganic N and P, and potential soil enzyme activity. Fixed 
factors are CO2, soil moisture (Moist) and temperature (Tsoil), and their interactions (CO2 x 
Moist and CO2 x Tsoil). Degree of freedom for each explanatory variable is 1, with residual 
degrees of freedom referred to as DfRes. P < 0.1 is shown in bold, otherwise shown as ns (not 
significant). 
Table 3.1 Summary of environmental variables used in redundancy analysis (RDA; Mean 
± 1.SE, n = 3). Total soil carbon (C), soil moisture, soil pH, depth of hard layer (HL), 
photosynthetically active radiation in understorey (PAR) and soil temperature are shown. 
Table 3.2 Summary of linear-mixed effects models (LMM), and CO2 response ratios (%) 
for diversity indices (Species richness [S], Shannon-Weaver’s index [H’] and Pielou's 
evenness [J’]), proportions of plant functional groups (PFG), abundance of dominant species 
and the magnitude of year-to-year shifts in composition (i.e. year-to-year dissimilarity). 
Significant P values (P < 0.1) are shown in bold. CO2 response ratios for each year are shown 
with standard errors within parentheses, estimated using non-parametric bootstrap (n = 3). 
The number besides dominant species represents percent contribution to the total abundance 
over the study period. 
Table 3.3 Summary of redundancy analysis (RDA) for species and plant functional group 
compositions for each year. Adjusted R squared values (R
2
a) for the terms that were used to 
construct full models are shown in bold. Full models were simplified following forward 
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selection of explanatory variables, resulting in a parsimonious model. Removed variables 
were shown as ‘rm’. Degrees of freedoms for F tests used for permutation tests are shown 
within parentheses. Statistical significance of models and explanatory variables are indicated 
as follows: P < 0.1 (†), < 0.05 (*), < 0.01 (**) and < 0.001 (***). The significance of full and 
final (parsimonious) models is shown alongside R
2
a values. 
Table 4.1 Summary of linear-mixed effects models of temperature treatment and soil 
variable effects (LMMcov) on ion exchange resin membrane (IEM)-adsorbed nutrients, soil 
extractable nutrients, turnover rates of inorganic N and P, and soil solution nutrients. Fixed 
factors are temperature treatment (Temp), soil moisture (Moist) and soil temperature (Tsoil), 
and their interactions (Temp x Moist and Temp x Tsoil). Degree of freedom for each 
explanatory variable is 1, with residual degrees of freedom referred to as DfRes. P < 0.1 is 
shown in bold, otherwise shown as ns (not significant). 
 
Figures 
Fig. 2.1 Soil moisture and temperature (5-25 cm), and precipitation during the study 
period. The vertical dotted line indicates when CO2 treatments were switched on (18
th
 
September 2012). 
Fig. 2.2 Temporal changes in ion exchange resin membrane (IEM)-adsorbed (a) NO3
-
, (b) 
NH4
+
 and (c) PO4
3-
 (Mean ± 1.SE, n = 3). The vertical dotted line indicates when CO2 
treatments were switched on (18
th
 September 2012). Where there is a significant CO2 x Time 
interaction (P < 0.05), results of post-hoc comparisons between CO2 treatments for each 
month are shown above the relevant bars with the following significance codes: P < 0.05 (*), 
< 0.01 (**) and < 0.001 (***). 
Fig. 2.3 Conditional scatter plot of ion exchange membrane (IEM)-adsorbed nutrient 
concentrations (NO3
-
, NH4
+
 and PO4
3-
 ) against soil moisture for a given soil temperature 
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range: Cold (12 to 16 ℃), Moderately warm (16 to 20 ℃) and Hot (20 to 24 ℃), plotted with 
predicted lines and associated 95% confidence intervals. Predicted values were estimated 
from linear-mixed effects models with two covariates (soil moisture and temperature; 
LMMcov), demonstrating treatment-specific correlations with soil temperature and moisture 
(Table 2.1). Bootstrap analyses were employed to approximate 95% confidence intervals for 
coefficients estimated by LMMcov. 
Fig. 2.4 Treatment response ratios for N:P (RNP) in relation to soil temperature, for ion 
exchange resin membrane (IEM)-adsorbed nutrients. The response ratios of RNP were 
determined as ratios of geometric means of RNP for eCO2 (RNP_eCO2) and ambient (RNP_amb) 
treatments. n = 3 for each treatment (Mean ± 1.SE, n =  3 for each treatment). 
Fig. 2.5 Temporal changes in KCl-extractable (a) NO3
-
, (b) NH4
+
 and (c) Bray-extractable 
PO4
3-
 (Mean ± 1.SE, n = 3). The vertical dotted line depicts the point at which CO2 was 
switched on (18
th
 September 2012). Where there is a significant CO2 x Time interaction (P < 
0.05), results of post-hoc comparisons between CO2 treatments for each month are shown 
above the relevant bars with the following significance codes: P < 0.05 (*), < 0.01 (**) and < 
0.001 (***). 
Fig. 2.6 Temporal changes in concentrations of dissolved NO3
-
, NH4
+
, PO4
3-
 and 
dissolved organic carbon (DOC) in soil solution in the shallow (a, b, c and d) and deep layers 
(e, f, g and h; Mean ± 1.SE, n = 1 to 3). The vertical dotted line indicates the point at which 
CO2 was switched on (18
th
 September 2012). Where there is a significant CO2 x Time 
interaction (P < 0.05), results of post-hoc comparisons between CO2 treatments for each 
month are shown above the relevant bars with the following significance codes: P < 0.05 (*), 
< 0.01 (**) and < 0.001 (***). 
Fig. 2.7 Temporal change in (a) N mineralisation, (b) nitrification and (c) P 
mineralisation rates (Mean ± 1.SE, n = 3). The vertical dotted line indicates the point at 
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which CO2 was switched on (18
th
 September 2012). Where there is a marginally significant 
CO2 x Time interaction (P < 0.1), results of post-hoc comparisons between CO2 treatments 
for each month are shown above the relevant bars with significant codes: P < 0.05 (*), < 0.01 
(**) and < 0.001 (***). 
Fig. 2.8 Temporal changes in potential enzyme activities (Mean ± 1.SE, n = 3): (a) β-D-
cellobiohydrolase, (b) β-glucosidase, (c) N-acetylglucosaminidase and (d) acid phosphatase. 
The vertical dotted line indicates the point at which CO2 was switched on (18
th
 September 
2012). 
Fig. 2.9 Mean soil pH (0-30 cm depth) measured in June 2012 (before CO2 treatments 
commenced) and June 2013 (after 9-months of CO2 fumigation; Mean ± 1.SE, n = 3). Results 
of post-hoc comparisons between CO2 treatments for each year are shown above the relevant 
bars. 
Fig. 3.1 Temporal change of diversity indices (Mean ± 1.SE, n = 3): (a) species richness 
[S], (b) Shannon-Weaver’s index [H’], and (c) Pielou's evenness [J’]. 
Fig. 3.2 Temporal changes of abundance of the six dominant species representing 70% of 
the total species abundance (Mean + 1.SE, n = 3). 
Fig. 3.3 Temporal changes in proportions of plant functional groups (PFGs; Mean + 1.SE, 
n = 3). Standard errors were estimated using non-parametric bootstrap. 
Fig. 3.4 The magnitude of year-to-year changes in species and PFG compositions 
between Year0 and Year1 (Year0-1) and Year1 and Year2 (Year1-2) evaluated by Euclidean 
dissimilarity (Mean ± 1.SE, n = 3). 
Fig. 3.5 Biplot of redundancy analysis (RDA) for species composition. Variation 
explained by 1
st
 and 2
nd
 RDA axes (RDA1 and RDA2) are shown within parentheses. Each 
point depicts individual FACE rings for each year, with a line connecting the same ring. 
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Fig. 3.6 Triplot of redundancy analysis (RDA) for the composition of plant functional 
groups (PFGs). Since only one predictor was fitted (i.e. soil pH), there was only one RDA 
axis (RDA1); the 1
st
 axis principal component analysis (PC1) values are used as the y axis. 
Variation explained by RDA1 and PC1 are shown within parentheses. Each point depicts 
each FACE ring for each year, with a line connecting the same ring. Scores for each PFG are 
shown with green arrows. 
Fig. 4.1 Picture of whole-tree chambers (WTCs) installed in the Hawkesbury Forest 
Experiment. 
Fig. 4.2 Temporal changes in soil moisture and temperature in the top 10 cm. The solid 
lines depict daily means; associated 95% confidence intervals (n = 6) are indicated by 
shading. The vertical dotted line indicates when plants were planted into chambers (18
th
 
March 2013). 
Fig. 4.3 Temporal changes in ion exchange resin membrane (IEM)-adsorbed (a) NO3
-
, (b) 
NH4
+
 and (c) PO4
3-
 (Mean ± 1.SE, n = 6). The vertical dotted line indicates when plants were 
planted into chambers (18
th
 March 2013). Where there is a significant Temp x Time 
interaction (P < 0.05), results of post-hoc comparisons between CO2 treatments for each 
month are shown above the relevant bars with the following significance codes: P < 0.05 (*), 
< 0.01 (**) and < 0.001 (***). 
Fig. 4.4 Temporal changes in KCl-extractable (a) NO3
-
, (b) NH4
+
 and (c) Bray-extractable 
PO4
3-
 (Mean ± 1.SE, n = 6). The vertical dotted line indicates when plants were planted into 
chambers (18
th
 March 2013). Where there is a significant Temp x Time interaction, results of 
post-hoc comparisons between CO2 treatments for each month are shown above the relevant 
bars with the following significance codes: P < 0.05 (*), <0.01 (**) and < 0.001 (***). 
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Fig. 4.5 Temporal change in (a) net nitrification, (b) N mineralisation and (c) P 
mineralisation rates (Mean ± 1.SE, n = 6). The vertical dotted line indicates when plants were 
planted into chambers within chambers (18
th
 March 2013). 
Fig. 4.6 Temporal changes in concentrations of dissolved NO3
-
, NH4
+
, PO4
3-
 and DOC in 
soil solution in the shallow (a, b, c and d) and deep layers (e, f, g and h; Mean ± 1.SE, n = 6). 
The vertical dotted line indicates when plants were planted into chambers (18
th
 March 2013). 
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1 Introduction 
Terrestrial biomes are responsible for sequestering a large proportion of global carbon (C) 
stocks (≈1% of Earth’s surface C and ≈17% of land C; Ciais et al., 2013; Jobbágy & Jackson, 
2000; Schlesinger & Bernhardt, 2013). Forest and woodland ecosystems account for 
approximately 30% of the total terrestrial area, and contribute substantially to biogeochemical 
processes on the earth. Approximately 82% of total (above and below ground) C stocks in 
terrestrial biomes (Jobbágy & Jackson, 2000; Saugier et al., 2001; Schlesinger & Bernhardt, 
2013), 32% of terrestrial net primary productivity (NPP; Houghton et al., 1990; Saugier et al., 
2001), and 40% of the world’s soil organic carbon stores are associated with forest 
ecosystems (Schlesinger & Marks, 1977).  
 
1.1 Climate change 
The concentration of atmospheric carbon dioxide (CO2) has dramatically increased from 
280 to 390 parts per million (ppm) since pre-industrial times, resulting from human activities 
such as combustion of fossil fuels, population expansion and land-use change (Houghton et 
al., 1990). The global mean atmospheric CO2 concentration in 2012 was estimated to be 
392.53 ppm by National Oceanic and Atmospheric Administration (NOAA) Earth System 
Research Laboratory (ESRL), USA (National Oceanic & Atmospheric Administration Earth 
System Rsearch Laboratory Global Monitoring Division, n.d.). NOAA also recorded that 
atmospheric CO2 reached 400 ppm on 9
th
 May 2013 at Mauna Loa Observatory in Hawaii, 
the highest concentration recorded since they started observations in 1958. Concentrations are 
projected to reach 480 to 650 ppm by 2100 (IPCC, 2007). This considerable increase in CO2 
and other anthropogenic greenhouse gases has also been causing global warming and 
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associated extreme climates. The Earth’s surface temperature increased by 0.76 ℃ since pre-
industrial times and is projected to increase by 1.8-4.0 ℃ in the next century (IPCC, 2013).  
 
1.2 Climate change and forest ecosystems 
Despite numerous studies, future climate prediction remains uncertain. One of the 
greatest causes of this uncertainty is a lack of knowledge on terrestrial C cycle responses to 
climate change. Terrestrial feedbacks to climate could accelerate or slow down the rates of 
climate change depending on whether Earth’s biosphere will become a sink or source of C 
under future climatic conditions. During the past 50 years, net global C uptake rates have 
nearly doubled, with 55% of anthropogenic C emissions having been sequestered into the 
land or oceans (Ballantyne et al., 2012). Given substantial contribution of forest ecosystems, 
understanding the impacts of future climate change on the C stocks and fluxes driven by 
forest ecosystems is absolutely central to predictions of terrestrial feedbacks on global C 
cycling and hence future rates of atmospheric CO2 increases and associated global warming. 
It is widely known that elevated CO2 concentrations (eCO2) and temperature (eTemp) 
affect plant physiological and microbial processes. Especially, eCO2 enhances assimilation 
rates and reduces stomatal conductance (Drake et al., 1997; Norby et al., 1999; Prior et al., 
2011). eCO2-stimulated assimilation rates are expected to enhance forest growth rates in the 
future – the so-called “CO2 fertilisation effect”. Many studies report positive effects of eCO2 
on assimilation rates, quantum yield, and above- and below-ground biomass in a range of 
forests (Ainsworth & Long, 2005; Ellsworth et al., 2004; Gielen & Ceulemans, 2001; 
Hyvönen et al., 2007). Free-Air CO2 Enrichment (FACE) is one of the most effective 
techniques to assess ecological responses of terrestrial biomes to future atmospheric CO2 
concentrations under natural conditions (See the section below for a more detailed description 
of FACE experiments). FACE studies report that eCO2 increases NPP by an average of 23%, 
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based on experiments involving 3-12 years of CO2 fumigation (≈550 ppm) across young 
temperate forest stands, including a poplar plantation (Viterbo, Italy; Finzi et al., 2002; 
Gielen et al., 2005; Norby et al., 2005), a sweetgum plantation (Tennessee, USA; Norby et 
al., 2002), a pine plantation (North Carolina, USA; McCarthy et al., 2010) and a mixed stand 
of aspen, birch and maple (Wisconsin, USA; Zak et al., 2011). Using a dynamic vegetation 
model, Hickler et al. (2008) estimated that eCO2-enhancment of NPP should be smaller in 
boreal forests (+15%) and larger in tropical forests (+35%), although these estimates have yet 
to be empirically tested.  
Observations of forest NPP increased by eCO2 suggests that CO2-fertilisation effects 
allow forest ecosystems to sequester more C, thus resulting in a negative feedback to climate 
change. For example, Hamilton et al. (2002) found that eCO2 (≈560 ppm) increased net 
ecosystem productivity (NEP) by 41% over four years of CO2 fumigation in a pine plantation. 
Also, Talhelm et al. (2014) found that eCO2 (≈530 ppm) increased ecosystem C content by 
11% over 11 years of CO2 fumigation in a mixed plantation of aspen, birch and maple. 
Moreover, Albani et al. (2006) estimated that an additional 0.17-0.22 Pg C year
-1
 was 
accumulated due to CO2 fertilisation effects in the Eastern USA between 1980 and 2000 
using an ecosystem demography model, and projected that 0.7 Pg more C will be 
accumulated per year by 2100. However, increased C assimilation rates or NPP do not 
necessarily always increase forest C storage. For instance, Gielen et al. (2005) found that 
whilst eCO2 (≈550 ppm) increased NPP by 26%, NEP was unaltered due to concurrent eCO2-
stimulated C loss from the soil in a poplar plantation. Whilst observations and models 
generally agree that eCO2 increases forest ecosystem NPP, there are also exceptions to this 
general trend. For example, despite sustained enhancement of photosynthetic rates in mature, 
deciduous tree leaves by eCO2 (≈550 ppm) over eight years, no growth enhancement was 
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observed in the web-FACE study in Hofstetten, Switzerland (Bader et al., 2013; Körner et al., 
2005).  
FACE experiments have been conducted not only in forests but also grasslands (e.g. 
Hovenden et al., 2008), deserts (e.g. Smith et al., 2014), a bog (e.g.Hoosbeek et al., 2001), 
and agricultural fields (e.g. Zhang et al., 2014b) to date. These have demonstrated a wide 
range of productivity responses to eCO2, from sustained increases in plant biomass (e.g. 
Drake et al., 2011; McCarthy et al., 2010) to transient increases (e.g. Norby et al., 2010; 
Reich et al., 2006a) or even no response (e.g. Dukes et al., 2005; Inauen et al., 2012). 
Warming is also known to increase plant assimilation rates (Berry & Björkman, 1980; 
Farquhar et al., 1980) and arguably increase plant productivity in terrestrial biomes (Luo et 
al., 2009; Melillo et al., 2011; Wu et al., 2011). On the other hand, eTemp is also widely 
reported to increase C loss from ecosystems by stimulating soil (i.e. root and microbial) 
respiration. This counterbalances C sequestration driven by increased NPP (Fang & 
Moncrieff, 2001; Melillo et al., 2011). Some carbon-climate simulation models even predict 
that eTemp-stimulated soil respiration will outweigh increases in NPP, resulting in an overall 
positive ecosystem feedback and acceleration of global warming (Cox et al., 2000; Knorr et 
al., 2005; Pendall et al., 2004), although this is likely to highly depend on acclimation of soil 
respiration to increased temperature (Hyvönen et al., 2007; Luo et al., 2001). Nonetheless, in 
situ warming studies generally demonstrate balanced ecosystem C gain and loss resulting 
from the stimulation of both plant productivity and soil respiration. For example, in a tall 
grass prairie (Oklahoma, USA), eTemp (+2 ℃) increased both NPP (+14%) and soil 
respiration (+8%; observed only after two years) during six years of warming, resulting in no 
change in soil C content (Luo et al., 2009). In a mixed deciduous forest (New England, USA), 
eTemp (+5 ℃) stimulated microbial respiration, increasing C loss from the top 60 cm soil by 
15% after seven years; this was, however, almost compensated by concurrent eTemp-
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stimulation of plant growth (Melillo et al., 2011). Furthermore, Rustad et al. (2001) analysed 
warming-studies (+0.3-6 ℃) across a range of vegetation types (incl. tundra, grassland and 
temperate forest) and estimated that eTemp increased plant productivity and soil respiration 
by 19% and 20%, respectively.  
 
1.3 Forest ecosystems and interactions between eCO2 and soil nutrient cycling 
There is now growing evidence that the magnitude and duration of CO2-fertilisation 
responses are likely to depend on soil nutrient status, with the largest growth increases seen in 
experiments where nitrogen (N) availability is high (Hungate et al., 2003; Reich & Hobbie, 
2013; Reich et al., 2006b). Indeed, soil N availability has been cited as the key determinant of 
productivity responses to eCO2 in a wide range of studies (de Graaff et al., 2006; Norby & 
Zak, 2011; Reich et al., 2006b). Progressive N limitation (PNL) is a mechanism that soil N is 
assimilated into plant tissues and organic matters due to simulated NPP under eCO2 and 
consequently availability is increasingly limited, postulated to be a key mechanism reducing 
CO2-fertilization responses over time (Luo et al., 2004; Norby et al., 2010; Reich et al., 
2006a). However, no such studies looking at how low soil P availability affects plant 
responses have been conducted either under field conditions or at the ecosystem scale. 
Growth chamber and glasshouse experiments provide evidence that low soil P availability 
can constrain plant responses to eCO2, at least for young, pot-grown plants (e.g. Conroy et al., 
1990; Lewis et al., 2010; Tobita et al., 2010).  
The majority of large-scale and long-term eCO2 studies have been conducted in Europe or 
USA where N is the primary nutrient limiting NPP. Hence, N constraints on productivity 
responses to eCO2 have received considerable attention in the past decade, while relatively 
few studies have looked at the role of soil P. On the other hand, in the Southern Hemisphere 
and throughout the tropics where soils are ancient and highly weathered, P is a primary 
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limiting factor of NPP (Vitousek et al., 2010; Walker & Syers, 1976; Wang et al., 2010). 
Furthermore, some studies suggest that increasing rates of N input into ecosystems due to 
atmospheric N deposition, particularly in Europe and USA, may lead to relative P limitation 
(Menge & Field, 2007; von Oheimb et al., 2010). Also NP co-limitation is reported in other 
terrestrial ecosystems (e.g. Domingues et al., 2010). Thus, P limitation and NP co-limitation 
are now considered to be widespread across the globe (Cleveland & Townsend, 2006; Elser, 
2012; Elser et al., 2012; Menge & Field, 2007; Wang et al., 2010). On a similar note, some 
recent studies predict serious constraints on terrestrial NPP and C sequestration in the future 
under NP co-limitation using global C models (e.g. Reed et al., 2015; Wieder et al., 2015; 
Zhang et al., 2014a); some models, however, have yet to be empirically tested. This 
highlights the pressing need of dynamic measures of soil P status in order to obtain empirical 
evidence for how the coupling between C, N and P cycles works and to investigate the issue 
of P constraints on CO2 fertilisation - or even the concept of progressive P limitation (PPL) 
on the capacity of terrestrial ecosystems to sequester additional C. 
 
1.4 Soil nutrient cycling and climate change 
Terrestrial nutrient cycling is controlled by plant-microbe interactions, and hence widely-
reported impacts of climate change on plants and microbes have the great potential to alter 
soil nutrient status in the future (e.g. Andresen et al., 2010; Hamilton et al., 2002; Larsen et 
al., 2011; Phillips et al., 2002). Effects of eCO2 on soil nutrient cycling vary considerably 
between experiments with, for example, a review of 47 studies by Zak et al. (2000) reporting 
both positive and negative impacts on soil N cycling, depending on ecosystem and/or 
dominant plant functional type. Various eCO2 effects on soil N turnover and availability have 
also been demonstrated by FACE studies, with no effects during 1-4 years of CO2 fumigation 
in temperate young forest stands in the USA (Finzi et al., 2001 and 2002; Zak et al., 2003), 
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negative effects during 2-6 years of CO2 fumigation in a northern mixed-grass prairie 
(Wyoming, USA; Dijkstra et al., 2010), a perennial grassland (Tasmania, Australia; 
Hovenden et al., 2008) and a poplar plantation (Viterbo, Italy; Lagomarsino et al., 2008), and 
positive effects during eight years of CO2 fumigation in a mature deciduous forest (Hofstetten, 
Switzerland; Schleppi et al., 2012), suggesting a context-dependence of eCO2 effects on 
nutrient availability.  
The effects of warming on soil N cycling are generally positive, regardless of vegetation 
types, and seem consistent between studies compared to eCO2 effects. Rustad et al. (2001) 
conducted a meta-analysis using warming studies from 32 different sites representing four 
biomes (high and low tundra, forest and grassland), and found overall positive effects of 
eTemp on N turnover rates, with average enhancement of net N mineralisation rates by 46%. 
This is supported by more recent in situ studies conducted in grasslands and forests (e.g. 
Dijkstra et al., 2010; Dijkstra et al., 2012; Larsen et al., 2011; Turner & Henry, 2010). 
Relatively little attention has been paid to the effects of climate change on P cycling. 
Nevertheless soil P dynamics under eCO2 and/or eTemp may be influenced by N conditions. 
For example, FACE studies in a poplar plantation demonstrate that eCO2 increases P 
availability (Khan et al., 2010), but decreases when N fertiliser is added (Lagomarsino et al., 
2008). In a northern mixed prairie, eCO2 and eTemp showed opposing effects on P 
availability: the former increased and the latter decreased P relative to N availability (Dijkstra 
et al., 2012). Such opposing effects of eCO2 and eTemp are also demonstrated in a paddy 
field (Jiangsu Province, China; Zhang et al., 2014b). 
One of the key mechanisms of eCO2/eTemp-induced modification in soil nutrient 
dynamics is via enhanced turnover of soil organic matter (SOM). eTemp enhances microbial 
enzyme activity responsible for decomposition of SOM, leading to higher nutrient turnover 
rates and associated availability as well as soil respiration rates (Conant et al., 2008; Drake et 
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al., 2013b; Larionova et al., 2007; MacDonald et al., 1995). Furthermore, SOM 
decomposition is likely to be associated with plant investment of C belowground, both in 
terms of increased fine root production and supply of labile C (i.e. root exudates) when soil 
nutrient availability is limited (Mason et al., 2000; Treseder, 2004). This often involves the 
enhancement of microbial enzyme activities so that ratios of extracellular enzymes and 
available soil N to P shift towards optimal conditions; in other words, N:P ratios increase in 
N-limited sites but decrease in P-limited sites (Lagomarsino et al., 2008; Treseder & 
Vitousek, 2001; Yin et al., 2013). In particular, eCO2 seems to enhance plant investment of C 
belowground in order to sustain stimulated NPP. For instance, fine root production was 
enhanced under eCO2, with sustained increases in NPP over six years in a sweetgum 
plantation (Norby & Iversen, 2006; Norby et al., 2004). Moreover, there is now a growing 
body of evidence suggesting that enhanced root exudation of labile C under eCO2 drives 
microbial decomposition of SOM, leading to the enhancement of turnover rates and 
associated nutrient availability, called “priming” (Drake et al., 2013a; Finzi et al., 2006; 
Lagomarsino et al., 2008; Langley et al., 2009; Larson et al., 2002; Phillips et al., 2011). 
Priming of SOM is also reported to be stimulated under eTemp (Zhu & Cheng, 2011). 
Long-term FACE studies demonstrate that eCO2-enhancement of NPP was sustained over 
>10 years, with eCO2-stimulated SOM decomposition and N cycling in temperate young 
forests (Drake et al., 2011; Zak et al., 2011). In a deciduous forest, eTemp-stimulated C 
storage in plants was sustained over seven years, with enhanced N turnover rates (Melillo et 
al., 2011). On a similar note, a model simulation by Medlyn et al. (2000) predicts that 
eTemp-stimulated NPP (+10-15%) will persist for a long-term (≈600 years) due to concurrent 
increases in N mineralisation rates. Thus, priming, stimulated SOM decomposition and 
associated positive feedback to soil nutrient availability may be a key mechanism to offset 
PNL (and also PPL) and sustain the long-term enhancement of NPP.  
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1.5 Understorey vegetation and eCO2 
In forest ecosystems, understorey vegetation also plays an important role in 
biogeochemical cycling via carbon sequestration, high photosynthetic rates and fast nutrient 
turnover rates (Hart & Chen, 2006; Kolari et al., 2006; Nilsson & Wardle, 2005; O'Connell et 
al., 2003; Yarie, 1980). Misson et al. (2007) summarised eddy-covariance flux data from 10 
sites across a range of forests including evergreen and deciduous forests in boreal, temperate 
and (semi-)arid regions, estimating that understorey gross primary productivity (GPP) and 
respiration contributed to 14% of total canopy GPP and 55% of ecosystem respiration, 
respectively. Despite its importance, the least attention has been paid to climate change 
impacts on an understorey plant community to date.  
Numerous controlled-chamber studies demonstrate generally positive effects eCO2 on 
plant growth for various species (e.g. Ceulemans & Mousseau, 1994; Ehleringer et al., 1997). 
In situ studies using FACE and open-top chamber (OTC) facilities generally support this, but 
the magnitude and duration of eCO2 effects are highly species- or functional group-specific 
(Ainsworth & Long, 2005; Ellsworth et al., 2004). In addition, due to spatiotemporal 
heterogeneity of resource availability (e.g. water, light and nutrients), and intra- and inter-
specific competition, the relative fitness of competing understorey taxa is likely to change 
under eCO2 (Langley & Megonigal, 2010; Poorter & Navas, 2003). Such shifts in 
understorey community composition could lead to a substantial change in ecosystem 
functioning and the associated provision of ecosystem services (He et al., 2002; Kardol et al., 
2010b; Langley & Megonigal, 2010; Tilman et al., 1997). 
Plant community composition is often considered in the context of plant functional 
groups (PFG), where plants are categorised on a basis of life forms (e.g. grass, forb and 
woody plant), physiological characteristics (e.g. C3, C4 and N-fixing plant) and longevity 
(perennial or annual). Due to their high sensitivity to atmospheric CO2 concentrations and 
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temperatures, C3 and C4 plant responses to climate change have been extensively documented 
(e.g. Derner et al., 2003; von Fischer et al., 2008; Winslow et al., 2003). Leaf CO2 
assimilation rates of C3 plants are generally more responsive to increased CO2 concentrations 
than those of C4 plants due to higher saturating CO2 concentrations associated with the C3 
photosynthetic pathway (Bowes, 1993). Hence C3 species are generally hypothesised to be 
favoured over C4 in terrestrial ecosystems under increased future CO2 concentrations. 
In situ studies indeed demonstrate eCO2-induced shifts in a plant community in a range of 
ecosystems, mainly situated in grasslands (e.g. review by Morgan et al., 2004b). For example, 
Morgan et al. (2004a) and Morgan et al. (2011) found that eCO2 increased C3 grass biomass 
relative to C4 and a consequent shift of plant community composition in semi-arid grasslands 
near the Northwestern USA during 4-5 years of CO2 fumigation using OTCs and FACE, 
respectively. eCO2-induced increases in C3 relative to C4 plants have also been demonstrated 
in a herbaceous wetland (Chesapeake Bay, USA) during four years of CO2 fumigation using 
OTCs (Langley & Megonigal, 2010). In contrast, a 3-year FACE study in an Australian 
native grassland showed decreased C3 grasses with C4 unaltered under eCO2 (Williams et al., 
2007). eCO2 is also reported to alter a desert (winter annual) plant community (Nevada, 
USA) in wet years during a 10-year FACE experiment, increasing dominant forb and grass 
species (Smith et al., 2014). On the other hand, Engel et al. (2009) and Kardol et al. (2010a) 
found no evidence of community shifts by eCO2 with seven crop species (incl. legumes, forbs 
and C3 and C4 grasses) planted in an agricultural old-field following two years of CO2 
fumigation in OTCs. 
Compared to those in grasslands, relatively few studies have evaluated woodland/forest 
understorey plant community responses to eCO2. Those that have, in fact, do also report 
changes in understorey species or PFG composition under eCO2 using FACE. For instance, in 
a sweetgum plantation with an understorey co-dominated by two non-native invasive plants, 
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eCO2 increased one of the dominants (Lonicera japonica; C3 woody plant), leading to the 
succession from an herbaceous- to a woody-plant dominated community over 10 years of 
CO2 fumigation (Belote et al., 2004; Sanders et al., 2004; Souza et al., 2010). A second study, 
in a mixed aspen, birch and maple plantation with an understorey dominated by perennial 
old-field vegetation, found that eCO2 increased one of the two dominant N2-fixing plants 
(Trifolium pratense) compared to the other (Trifolium repens), with no obvious shift in PFG 
composition during 2-4 years of CO2 fumigation (Awmack et al., 2007; Bandeff et al., 2006). 
A third study, in a mature alpine coniferous forest (Davos, Switzerland) with an understorey 
dominated by ericaceous dwarf shrubs, found an eCO2-induced shift of an understorey PFG 
composition, decreasing forb, moss and lichen with no alteration in shrubs (except increased 
Vaccinium myrtillus) after 9 years of CO2 fumigation using a mini-FACE (1.1 m
2
 for each 
plot; Dawes et al., 2015).  
eCO2 can influence plant communities not only by direct effects on photosynthesis but 
also indirectly via changes in environmental conditions, altering resource competition at the 
community level. For instance, eCO2 enhances water use efficiency (WUE; Ceulemans & 
Mousseau, 1994; Drake et al., 1997) and consequently increases soil moisture (Bader et al., 
2013; Huang et al., 2014; Morgan et al., 2004b). Soil water availability is indeed one of the 
most influential determinants of the spatial distribution of terrestrial vegetation (Edwards & 
Still, 2008; Hattersley, 1983; Haxeltine & Prentice, 1996; Pyankov et al., 2000; Tieszen et al., 
1979), and, as such, changes in soil moisture has considerable potential to drive changes in 
plant community composition. For example, Morgan et al. (2011) demonstrate that water 
savings driven by eCO2 counterbalance warming-induced drought and leads to increased C4 
over C3 grasses in a semi-arid grassland FACE study with four years of CO2 fumigation. 
Furthermore, Morgan et al. (2004b)’s review of eCO2 impacts on grassland and desert 
ecosystems demonstrates that responses of these ecosystem to eCO2 in respect to productivity 
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and species/PFG composition often depend on soil water status, highlighting the importance 
of indirect effects of eCO2 via alteration in soil moisture.  
Another important driver of understorey plant community is light availability (Chazdon, 
1988; Dawes et al., 2015). Many FACE studies report that eCO2 enhances overstorey leaf 
production and increases leaf area index (LAI), resulting in higher light capture efficiency in 
the overstorey (Lewis et al., 2010; Liberloo et al., 2006; Thomas et al., 2006). Thereby, eCO2 
is likely to decrease understorey light availability. Some studies report that small changes in 
light availability could offset or even inverse positive eCO2 effects on understorey plant 
species (e.g. Awmack et al., 2007; Hättenschwiler & Körner, 2000).  
 
1.6 Free-air CO2 Enrichment (FACE) experiments 
FACE experiments typically involve the use of multiple gas dispersal pipes, forming a 
10-30 m diameter ring, dispersing CO2 within the canopy, and regulating CO2 concentrations 
inside the ring. The experimental plot is not isolated from the surrounding environments and 
experiences a natural microclimate, and large enough to avoid edge effects and to include 
mature trees (Hendrey et al., 1999; Nösberger et al., 2006). Thus, FACE experiments 
represent an effective method for investigating the large-scale and/or long-term impacts of 
eCO2, as they make it possible to examine ecological responses under natural conditions. 
FACE experiments have been carried out in a range of vegetation types, from agricultural 
crops and grasslands to temperate forests. In Australia, there have been three FACE projects 
to date: AGFACE in a wheat agricultural field (Victoria; Mollah et al., 2009), OzFACE in a 
tropical savannah (Queensland; Stokes et al., 2005) and TasFACE in a native grassland 
(Tasmania; Hovenden et al., 2008). 
To date, forest FACE studies have been situated in young temperate forest stands (Duke 
FACE, Aspen FACE, EURO (or POP)FACE and ORNL FACE) in Europe or the USA where 
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N primarily limits NPP. The one exception is the Web-FACE experiment, that involves 
canopy-level CO2 enrichment in a mature deciduous forest, in Switzerland. Norby et al. 
(2015) refer to these as “First generation FACE experiments”. They have been giving us a 
great insight into how forests respond to projected future atmospheric CO2 concentrations. 
However, they have also left us with a number of big questions: 1) How will mature forests 
respond to climate change (Reich et al., 2006b)?; 2) How does P limitation or NP co-
limitation modify forest responses to climate change?; and 3) How will forests in other 
climatic regions respond to climate change (e.g. boreal and tropical forests; Hickler et al., 
2008)? Over the last few years new FACE projects - or the so-called “Next generation of 
forest FACE experiments” (Norby et al., 2015) - have been established in order to fill in these 
knowledge gaps, in a tropical rainforest (Manaus, Brazil; AmazonFACE), a subtropical 
mature Eucalyptus forest (NSW, Australia; EucFACE), a temperate mixed deciduous forest 
(Staffordshire, UK; BIFor-FACE). A further FACE experiment has also been proposed, in a 
boreal coniferous forest (Southern Highlands, Sweden; SwedFACE).  
 
1.6.1 Eucalyptus woodlands and the Eucalyptus Free-Air CO2 Enrichment (EucFACE) 
experiment 
Eucalyptus species are planted worldwide, especially throughout the tropics and sub-
tropics, playing an important part in the global economy as well as C sequestration (Varmola 
& Carle, 2002). In Australia 20% of the land is covered with forests, with Eucalyptus 
woodlands accounting for 80% of this area, and 75% of the continent’s native forest 
(Australian Government Department of Agriculture, Fisheries and Forestry, 2012). 
Australia’s State of the Forests Report 2013 also reports that two thirds of Eucalyptus 
woodlands are classified as “Mature” or “Senescent” growth-stage (>80 years since 
disturbance). Thus, mature, native Eucalyptus woodlands in Australia represent a 
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considerable proportion of the nation’s woodland and forested areas, and are of considerable 
economic importance, supporting biodiverse plant and animal assemblages. They typically 
occur on the very poor soils of the coastal fringes of the continent (Australian Government 
Department of Agriculture, 2012), where P availability is particularly low (Birk & Turner, 
1992; Cromer et al., 1981). 
The Eucalyptus Free-Air CO2 Enrichment (EucFACE) experiment was established in a 
mature Eucalyptus woodland within a remnant Cumberland Plain Woodland, located at the 
University of Western Sydney near Richmond, New South Wales, Australia. Cumberland 
Plain Woodland is recognised nationally for its unique vegetation and declining, highly 
fragmented habitat and is listed as a critically endangered ecological community (Hancock et 
al., 2013; N.S.W. Government Office of Environment & Heritage, 2011). EucFACE is one of 
the next generation FACE experiments (Norby et al., 2015), and the very first forest FACE 
established in Australia, that will provide us with novel information on how mature forest 
will respond to eCO2 under P-limited soil conditions. Herein, this thesis presents early results 
from EucFACE, addressing the effects of eCO2 on soil nutrient cycling (Chapter 2) and an 
understorey plant community (Chapter 3) in a mature Eucalyptus woodland. 
 
1.7 Whole-tree chambers (WTCs) 
OTCs and FACE experiments introduced above enable assessment of whole-tree level 
behaviour and ecological responses under controlled climatic conditions (Nösberger et al., 
2006). However, they do not enable us to examine whole-tree level fluxes of CO2 and water 
as they are open systems. Whole-tree chambers (WTCs), on the other hand, are closed 
systems, able to accommodate a whole tree as tall as 9 m. WTCs make it possible to evaluate 
whole-tree CO2 and water fluxes while exposing growing trees to controlled climatic 
conditions (Barton et al., 2010; Medhurst et al., 2006). Moreover, they can potentially give us 
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information on indirect effects of climates on nutrient cycling by simultaneously tracing 
changes in plant physiological and microbial activity within the closed system. In Chapter 4 I 
present results of an experiment investigating the effects of eTemp on soil nutrient dynamics, 
in relation to Eucalyptus tereticornis trees grown in WTCs. 
 
1.8 Aims and hypotheses 
 
1.8.1 Elevated CO2 increases soil nitrogen and phosphorus availability in a 
phosphorus-limited Eucalyptus woodland 
Aim:  
1) Investigate the effects of eCO2 on soil nutrient dynamics in a novel field CO2 
exposure experiment in a mature, P-limited, native Eucalyptus woodland. 
Hypotheses: 
1) Increased plant and microbial nutrient demand under eCO2 will result in faster 
turnover rates of soil organic N and P and drive an increase in availability of these 
nutrients. 
2) In this demonstrably P-limited ecosystem, P availability will be increased to a greater 
extent than N, driving shifts in the stoichiometry of available nutrients, towards lower 
N:P ratios. 
 
1.8.2 Effects of elevated CO2 on the understorey plant community in a Eucalyptus 
woodland 
Aim:  
1) Investigate the effects of eCO2 on understorey vegetation in a Eucalyptus woodland. 
Hypotheses: 
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1) eCO2 will change species composition and associated plant diversity. 
2) eCO2 will cause a shift in the plant community towards higher C3 species at the 
expense of C4 species. 
 
1.8.3 Investigation into the effects of elevated temperature on soil nutrient cycling in 
relation to growth of Eucalyptus tereticornis trees using whole-tree chambers  
Aim:  
1) Investigate the effects of warming on soil nutrient dynamics under Eucalyptus 
tereticornis, using whole-tree chambers. 
Hypotheses:  
1) eTemp will increase dissolved organic C (DOC) in the soil solution. 
2) eTemp will stimulate inorganic N and P turnover rates and increase their availability. 
 
1.9 Thesis outline 
Early results from the EucFACE experiment are presented in Chapters 2 and 3. Chapter 2 
demonstrates the effects of eCO2 on soil nutrient dynamics. Therein, seasonal changes in 
availability and turnover of inorganic N and P, dissolved organic C (DOC) in soil solution, 
extracellular enzyme activity responsible for decomposition of SOM, and soil pH were 
examined. Multiple (instantaneous and integrating) metrics were employed to assess changes 
in nutrient availability and turnover: ion exchange resin membrane (IEM), soil extraction, in 
situ soil incubation, and dissolved nutrients in soil solution.  
Chapter 3 presents the effects of eCO2 on the understorey plant community in a 
Eucalyptus woodland. Annual changes in species and PFG compositions, diversity, evenness 
and species richness were examined in association with environmental factors (moisture, 
temperature, light and soil total C) for the first two years of the experiment.  
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Chapter 4 demonstrates the effects of warming on soil nutrient dynamics using WTCs in 
which Eucalyptus tereticornis trees were grown. Seasonal changes in availability and 
turnover of inorganic N and P, DOC in soil solution were examined using the same metrics 
employed in Chapter 2 to evaluate the role of the second, important climate change driver on 
ecosystem nutrient dynamics.  
Chapter 5 summarises and comprehensively discusses the findings from the three 
experimental chapters, considering their implications and how they contribute to predicting 
the future climate change impacts on woodland ecosystems and their potential feedbacks to 
climate. Furthermore, limitations of this work and suggestions for future work are discussed. 
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2 Elevated carbon dioxide increases soil 
nitrogen and phosphorus availability 
in a phosphorus-limited Eucalyptus 
woodland 
2.1 Abstract 
Free-Air CO2 Enrichment (FACE) experiments have demonstrated increased plant 
productivity in response to elevated (e)CO2, with the magnitude of responses related to soil 
nutrient status. Most experiments have been conducted at sites where nitrogen (N) is the 
primary growth-limiting nutrient. Whilst understanding nutrient constraints on productivity 
responses to eCO2 is crucial to predicting carbon uptake and storage, very little is known 
about how eCO2 affects nutrient cycling in phosphorus (P)-limited ecosystems in the ancient, 
highly weathered soils that dominate in the Southern Hemisphere, and tropics. The present 
study investigates eCO2 effects on soil N and P dynamics at the EucFACE experiment in 
Western Sydney over an 18 month period. Three ambient and three eCO2 (+150 ppm) FACE 
rings were installed in a P-limited native Cumberland Plain Eucalyptus woodland. 
Seasonally-dependant effects of eCO2 were seen for concentrations of extractable ammonium 
(+23%) and phosphate (+14%), and for dissolved organic carbon in soil solution (+21%), but 
there was no evidence of treatment effects on nitrate concentrations or potential soil enzyme 
activities. Levels of plant accessible nutrients, evaluated using ion exchange resins, were 
increased under eCO2, compared to ambient, for nitrate (+95%) and phosphate (+54%), with 
a strong seasonality of response, particularly for phosphate. eCO2 was also associated with 
faster nutrient turnover rates in the early months after CO2 treatments commenced, with 
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higher N (+288%) and P (+107%) mineralisation rates compared to ambient rings, although 
this difference did not persist. These results demonstrate that CO2 fertilisation increases 
nutrient turnover and availability - particularly for phosphate - in P-limited soils, likely via 
increased plant belowground investment in labile carbon and associated enhancement of 
microbial turnover of soil organic matter. Early evidence suggests that there is the potential 
for the observed increases in P nutrient availability to support increased ecosystem C-
accumulation under future predicted CO2 concentrations.   
 35 
 
2.2 Introduction 
Terrestrial biomes are responsible for sequestering a large proportion of global carbon (C) 
stocks (≈1% of Earth’s surface C and ≈17% of land C; Ciais et al., 2013; Jobbágy & Jackson, 
2000; Schlesinger & Bernhardt, 2013), with forest ecosystems accounting for more than half 
of global net primary productivity (NPP; Saugier et al., 2001). Hence, understanding the 
impacts of climate change on these stocks and fluxes is central to predictions of terrestrial 
feedbacks on C cycling and thus future rates of atmospheric CO2 increase. This is particularly 
so for forest and woodland ecosystems since these represent approximately 82% of total 
(above and below ground) C stocks in terrestrial biomes (Jobbágy & Jackson, 2000; Saugier 
et al., 2001; Schlesinger & Bernhardt, 2013). Free-Air CO2 Enrichment (FACE) experiments 
in terrestrial ecosystems have demonstrated a wide range of productivity responses to 
elevated CO2 (eCO2), from sustained increases in plant biomass (e.g. Bader et al., 2010; 
McCarthy et al., 2010) to transient increases (e.g. Norby et al., 2010; Reich et al., 2006a) or 
even no response (e.g. Dukes et al., 2005; Inauen et al., 2012). It is now widely accepted that 
the size and persistence of CO2-fertilisation responses is likely to depend on soil nutrient 
status, with the biggest growth increases seen in experiments where nitrogen (N) availability 
is high (Reich & Hobbie, 2013; Reich et al., 2006b). Indeed, soil N availability has been cited 
as the key determinant of productivity responses to eCO2 in a wide range of studies (de 
Graaff et al., 2006; Norby & Zak, 2011; Reich et al., 2006b), with progressive N limitation 
(PNL) postulated to be a key mechanism reducing C fertilization responses over time (Luo et 
al., 2004).  
Although most large-scale and long-term eCO2 studies have been carried out in N-limited 
systems and/or in young, rapidly growing stands (Reich et al., 2006b), phosphorus (P) rather 
than N limits NPP in most of the ancient, highly weathered soils of the Southern Hemisphere 
and throughout the tropics (Vitousek et al., 2010; Walker & Syers, 1976; Wang et al., 2010). 
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Furthermore, increasing rates of atmospheric N deposition is altering ecosystem nutrient 
stoichiometry (von Oheimb et al., 2010) across more northerly latitudes, such that P 
limitation and NP co-limitation are now considered to be widespread across the globe 
(Cleveland & Townsend, 2006; Elser, 2012; Elser et al., 2012; Menge & Field, 2007; Wang 
et al., 2010). Whilst N constraints on productivity responses to eCO2 have received 
considerable attention in the past decade, relatively few studies have looked at how low soil P 
availability affects plant responses, and none of these have been carried out either under field 
conditions or at the ecosystem scale. Growth chamber and glasshouse experiments 
investigating the role of P report constraints on eCO2-stimulated plant growth under low soil 
P availability (e.g. Conroy et al., 1990; Lewis et al., 2010; Tobita et al., 2010). In addition, 
recent studies by Wieder et al. (2015) and Zhang et al. (2014a) using global C models predict 
serious constraints on terrestrial NPP and C storage in the future under NP co-limitation, 
highlighting the pressing need to include dynamic measures of soil P status in land-surface 
models. The issue of P constraints on CO2 fertilisation - or even the concept of progressive P 
limitation (PPL) on the capacity of terrestrial ecosystems to sequester additional C - is, 
therefore, of global importance and one warranting urgent investigation.  
Effects of eCO2 on soil nutrient cycling vary considerably between experiments with, for 
example, a review of 47 studies by Zak et al. (2000) reporting both positive and negative 
impacts on soil N cycling, depending on ecosystem and/or dominant plant functional type. 
FACE experiments have generally shown decreases (Hovenden et al., 2008; Lagomarsino et 
al., 2008) or no change (Finzi et al., 2002; Zak et al., 2003) in soil N availability under eCO2. 
Relatively little attention has, however, been paid to the effects of eCO2 on P cycling, or its 
impacts on both N and P availability in soils of very low nutrient status. Where P dynamics 
have been studied under field conditions, both increases (Khan et al., 2010) and decreases 
(Lagomarsino et al., 2008) in P availability have been found under eCO2, depending on levels 
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of N fertilisation. In addition to changing absolute levels of soil N and P availability, nutrient 
stoichiometry (i.e. N:P ratios) can also be altered by eCO2 and climate change with, for 
example, soil, microbial and plant N:P ratios decreased under eCO2 and increased under 
warming in a grassland FACE experiment (e.g. Dijkstra et al., 2012).  
Since nutrient availability is related to both uptake (i.e. plant and microbial 
immobilisation) and mineralisation processes, changes in plant or microbial traits associated 
with nutrient acquisition and/or community composition will influence nutrient dynamics. 
There is now a growing body of evidence suggesting that enhanced root exudation of labile C 
under eCO2 drives increased activity of extracellular enzymes, leading to faster rates of 
organic matter turnover (Drake et al., 2013a; Finzi et al., 2006; Phillips et al., 2011). Indeed, 
increased activity of enzymes involved in C, N and P cycling have been reported in FACE 
studies in young deciduous forests in both Europe (e.g. Lagomarsino et al., 2008) and the 
USA (e.g. Larson et al., 2002). However, whether associated increases in nutrient availability 
can be sustained over longer time periods is arguable, since eCO2 typically raises plant foliar 
C:N ratios (e.g. BassiriRad et al., 2003; Johnson et al., 2004) and C:P ratios (e.g. BassiriRad 
et al., 1996; Lewis et al., 2010), reducing the quality of plant litter and thus slowing down 
nutrient turnover rates (Drake et al., 2013a; Finzi et al., 2001).  
Eucalyptus species are planted widely, especially throughout the tropics and sub-tropics, 
playing an important role in regional economies as well as in global C sequestration 
(Varmola & Carle, 2002). In Australia, Eucalyptus woodlands account for 75% of native 
forest area, typically occurring on the very poor soils of the coastal fringes of the continent 
(Australian Government Department of Agriculture, 2012). Responses to eCO2 have been 
studied for a small number of Eucalyptus species (e.g. Barton et al., 2012; Conroy et al., 
1992; Crous et al., 2011; Ghannoum et al., 2010) and, where the role of P availability has 
been investigated, it has been found to severely constrain physiological responses to 
 38 
 
increased CO2 concentrations (Conroy et al., 1990, 1992; Lewis et al., 2010; Thomas et al., 
2006; Tobita et al., 2010). Whilst experimental (glasshouse) evidence implies that P-limited 
and/or N and P co-limited forests will not increase NPP under eCO2, at the field scale plant 
investment of additional C into nutrient mobilising strategies (e.g. increased phosphatase 
and/or organic acid exudation; Lambers et al., 2008) may increase P availability and, 
potentially, facilitate CO2 fertilisation of forest productivity. In this study, I investigate the 
effects of eCO2 on soil nutrient dynamics in a novel field CO2 exposure experiment in a 
mature, P-limited, native Eucalyptus woodland in Australia - EucFACE. I specifically test the 
following hypotheses: 
1) eCO2 will increase availability of soil N and P.  
2) P availability will be increased to a greater extent than N, driving shifts in the 
stoichiometry of available nutrients, towards lower N:P ratios in this demonstrably P-
limited ecosystem (Crous et al., 2015). 
Rationale: eCO2 will increase plant and microbial nutrient demand and result in 
faster turnover rates of soil organic N and P 
 
2.3 Methods 
 
2.3.1 Experimental site 
The field site is a remnant Cumberland Plain Woodland, located at the University of 
Western Sydney near Richmond, New South Wales, Australia (33
o61’ S, 150o74’ E). 
Cumberland Plain Woodland is recognised nationally for its unique vegetation and declining, 
highly fragmented habitat and is listed as a critically endangered ecological community 
(Hancock et al., 2013; N.S.W. Government Office of Environment & Heritage, 2011). 
Annual rainfall at the study site in 2012 and 2013 was 878 and 838 mm, respectively. Annual 
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mean minimum and maximum temperatures were 10.5 and 24.0 ℃ in 2012 and 11.1 and 
25.2 ℃ in 2013, respectively (Station 067105, Australian Government, Bureau of 
Meteorology, http://www.bom.gov.au/). 
The detailed site description can be found in Crous et al. (2015). Briefly, the soil is a 
loamy sand Chromosol of the Clarendon Formation (Barton et al., 2010; Isbell, 2002) with a 
sand/silt/clay content of 76%, 12% and 12%, respectively (T. Gimeno, pers. comm., July 1
st
 
2014) and a mean soil pH of 5.45 (0-15 cm). Mean soil total N and P are 677 and 59 mg kg
-1
, 
respectively, and organic matter content is 1.8% (0-15 cm). Annual mean soil temperature 
and moisture in the top 5-25 cm were 17.91 ℃ and 12.5%, respectively in 2013 (Fig. 2.1).  
The dominant overstorey species at the study site is mature (>75-year old) Eucalyptus 
tereticornis, accompanied by a small proportion of E. amplifolia. Overstorey tree density is 
≈600 trees ha-1 and there is a diverse understorey of ≈80 species; understorey shrubs include 
Breynia oblingifolia, Bursaria spinosa, Hakea sericea and Sida rhombifolia. Microlaena 
stipoides is the dominant grass, followed by Cynodon dactylon and Paspalidium distans (See 
also Chapter 3). 
 
2.3.2 Eucalyptus Free-Air CO2 Enrichment (EucFACE) 
The EucFACE facility comprises six 25 m diameter arrays (FACE rings). Each FACE 
ring is made up of multiple vertical gas dispersal pipes (28 m height) that release CO2 into the 
rings (Hendrey et al., 1999). Elevated CO2 treatment (ambient +150 ppm) was applied to 
three randomly selected rings, with the remaining three rings receiving ambient air. CO2 
treatment began on 18
th
 September 2012, with an initial increment of +30 ppm; CO2 
concentrations in treated rings were increased by an additional 30 ppm every 4-5 weeks, 
reaching target concentrations of 540 ppm on 6
th
 February 2013. Eight soil water content 
reflectometers (CS650-L, Campbell Scientific, Australia) were installed for each ring and soil 
 40 
 
temperature and moisture in the top 5-25 cm were recorded every 15 minutes. Temporal 
patterns in soil temperature and moisture are shown in Fig. 2.1. 
 
 
Fig. 2.1 Soil moisture and temperature (5-25 cm), and precipitation during the study period. 
The vertical dotted line indicates when CO2 treatments were switched on (18
th
 September 
2012). 
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2.3.3 Field sampling 
Within each of the six FACE rings, four 2 m x 2 m plots were established for soil and soil 
solution sampling. Three soil cores (2 cm diameter, 0-10 cm depth) were sampled and pooled 
for each plot, every three months from June 2012. Sample locations were randomly located 
using a grid system to ensure previously sampled locations were avoided on subsequent 
sampling campaigns. On the same day of soil sampling, polyvinyl chloride (PVC) tubes (4 
cm diameter, 15 cm length) were also installed within each plot to a depth of 10 cm to 
evaluate in situ net N and P mineralisation rates. Tubes were sealed with caps to prevent 
rainfall ingress and associated nutrient leaching, and were incubated in the ground for three 
months. After this time, they were removed and the incubated soil was collected for analysis. 
New incubation cores were installed every three months. A total of 48 soil samples (i.e. 24 
initial soil core samples (T0) and 24 incubated (T3-months) soil samples) were collected 
quarterly, from June 2012 to March 2014; this provided two pre-CO2 sample points, and six 
following CO2 treatment initiation in September 2012. All pooled soil samples were sieved 
(<2 mm) within one day of sampling. Soil moisture content was determined on a 10 g 
subsample of fresh soil that was oven-dried at 105 ℃ for two days. 
 
2.3.4 Plant accessible inorganic N and P - Ion exchange resin membrane (IEM)  
Ion exchange resin membranes (IEM; VWR International, Radnor, Pennsylvania, USA) 
were used to assess nitrate (NO3
-
), ammonium (NH4
+
) and phosphate (PO4
3-
) availability. 
Two anion exchange membranes (AEM; 1 cm x 12.5 cm) and one cation exchange 
membrane (CEM) were inserted into the soil (0-10 cm deep) at eight locations within each 
ring: one set each in the four prescribed soil plots and a further four randomly located within 
each ring. Membranes were incubated in situ for a period of one month between July and 
December 2012, and for two months thereafter. IEMs were regenerated following standard 
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protocols prior to each insertion (Snapp & Morrone, 2008). On collection, IEMs were well 
washed with deionised water to remove adhesive soil, and then extracted for NO3
-
 and NH4
+
 
using the following modification of Bowatte et al. (2008)’s method. One of AEM strips and 
the single CEM strip for each sample location were immersed in 90 ml of 2M KCl together, 
shaken at 100 rpm for an hour, and filtered (Whatman Grade 42). The second AEM strip in 
each sample location was used for PO4
3-
 extraction using the Bray 1-P extraction with 0.03M 
NH4F, according to Rayment and Lyons (2011). These AEM strips were immersed in 24.5 ml 
of 0.03M NH4F, shaken at 100 rpm for 1 min and filtered immediately (Whatman Grade 42). 
Concentrations of NO3
-
, NH4
+
 and PO4
3-
 were analysed by automated colorimetry (AQ2 
Discrete Analyzer, SEAL Analytical, USA). After extraction, IEM strips were scanned, and 
their surface areas were computed using ImageJ 1.46 (Wayne Rasband, National Institutes of 
Health, USA) in order to express results in terms of concentrations per unit area (ng cm
-2
 day
-
1
). The ratios of plant available N and P (RNP) were determined as ratios of total N (NO3
-
 + 
NH4
+
) to PO4
3-
 concentrations. 
 
2.3.5 Extractable soil inorganic N and P pools, and N and P turnover 
Extraction of soil inorganic N and P was conducted within two days of sampling. NO3
-
 
and NH4
+
 were extracted using 2M KCl (Rayment & Lyons, 2011), while PO4
3-
 was extracted 
by Bray 1-P extraction as described above with a 15 minute filtration time. Extracts were 
analysed using the SEAL AQ2 Discrete Analyzer as before, with results expressed on a mass 
of oven-dry soil basis. Net nitrification and N and P mineralisation rates were determined as 
the change in NO3
-
, total N (NO3
-
 + NH4
+
) and PO4
3-
 concentrations between core installation 
(T0) and removal three months later (T3-months), respectively.  
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2.3.6 Dissolved inorganic N, P and organic C in soil solution 
Dissolved organic C (DOC) and inorganic N and P in soil pore solution was collected 
using suction lysimeters (1900 Soil Water Sampler, Soil moisture Equipment Corp, USA) 
installed at two depths within each soil plot. The first lysimeter was installed with the ceramic 
cup located in the upper soil layer (10-15 cm), corresponding to the depth where the majority 
of fine root biomass is found (Jackson et al., 1997), hereafter referred to as “shallow”. The 
second lysimeter was installed immediately above the impermeable layer, at a depth of 35-75 
cm, hereafter “deep”.  
Soil solution was sampled monthly following significant rainfall episodes (>20 mm) and 
immediately filtered (0.22 µm, SLGP033RB, Merck Millipore, USA) and stored at ≈-20 ℃; 
samples were not obtained during very dry periods when low soil moisture prevented 
maintenance of a vacuum. Concentrations of NO3
-
, NH4
+
 and PO4
3-
 were analysed using the 
AQ2 Discrete Analyzer (described above), and DOC was analysed using a total organic C 
analyzer (TOC-L CPH/CPN, Shimadzu Scientific Instruments, New South Wales, Australia) 
using the TOC-IC method.  
 
2.3.7 Soil extracellular enzyme activity 
Effects of eCO2 on potential activity of four commonly measured soil extracellular 
enzymes - acid phosphatase (AP), N-acetylglucosaminidase (NAG), β-glucosidase (BG) and 
β-cellobiohydrolase (CBH) - were examined using standard fluorescence techniques (Allison 
et al., 2009; DeForest, 2009; German et al., 2011; Saiya-Cork et al., 2002), following the 
method outlined in DeForest (2009). Catalytic functions of these enzymes are described in 
detail in German et al. (2011). Briefly, AP and NAG are responsible for decomposition of 
organic P and N, and BG and CBH are for decomposition of organic C, respectively. 
Incubation time, saturating concentrations of fluorescent marker (4-methylumbelliferone; 
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MUB)-linked substrate (4-MUB-phosphate, 4-MUB-N-acetyl-β-D-glucosaminide, 4-MUB-β-
D-glucopyranoside and 4-MUB-β-D-cellobioside) and soil:buffer ratios were optimised for the 
present study’s soil samples according to German et al. (2011). 
A subsample of frozen soil (≈-20 ℃) was mixed with 50mM of sodium acetate buffer 
(1:10 w/v), with pH adjusted to field soil (pH 5.5). The resulting soil homogenate was 
sonicated for 2 min (29 W, 3.2 kJ; VCX130, Sonics, Sonics & Material, Inc., Connecticut, 
USA) and stirred until assay. Shortly after (<5 min) soil homogenate (200 µl) and 200µM of 
corresponding 4-MUB-linked substrates (50 µl) were dispensed into a 96-well microplate 
(Nunc-Immuno™ MicroWell™ 96 well polystyrene plates, SIGMA-ALDRICH, Australia) 
along with reference standards and controls. The microplate was incubated at room 
temperature in the dark for 1 h, and then the reaction was stopped by adding 10 μl of 1M 
NaOH to each well. After 1 min, fluorescence was measured at 369 nm (excitation) and 438 
nm (emission) wave lengths using a fluorimetric microplate reader (2300, EnSpire® 
Multilabel Reader, PerkinElmer, Massachusetts, USA). Enzyme activity was expressed in 
units of µmol MUB h
-1
 g
-1
 (DeForest, 2009). 
 
2.3.8 Soil pH 
Soil pH was measured in June 2012 and June 2013. Randomly selected soil cores were 
sampled from depths of 0-15 and 15-30 cm in 2012 and 0-10, 10-20 and 20-30 cm in 2013. 
Two cores per ring were sampled in 2012 and four per ring in 2013. Within two days of 
sampling, sieved soil samples (<2 mm) were mixed with deionised water (1:2 w/v) and the 
pH of two analytical replicates was measured according to Rayment and Lyons (2011) using 
a pH meter (S20 SevenEasy™ pH, Mettler-Toledo International Inc., USA). Since different 
sampling depths were used in 2012 and 2013, a single, composite value was derived for a 
depth of 0-30 cm, using measured data, prior to analysis of treatment effects on soil pH. 
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2.3.9 Statistical analysis 
In this analysis, the unit of replication was the FACE ring (n = 3). Although eCO2 FACE 
rings were randomly selected, adjacent ambient and eCO2 rings were paired (based on 
similarity in soil and vegetation characteristics) for statistical analysis, resulting in a set of 
three blocks, with one ambient and one elevated CO2 ring in each block. The effects of eCO2 
on nutrient concentrations, turnover rates and enzyme activities were assessed using linear 
mixed-effects models (LMM), for which block, ring and plot were random factors. Repeated-
measures analysis of variances (ANOVA) were first performed with CO2, Time and a CO2 x 
Time interaction as fixed factors to determine the effects of CO2 treatment, variation over 
time and interactions between the two. Pre-CO2 observations immediately before CO2 was 
turned on were used to evaluate pre-existing difference between FACE rings. Where a CO2 x 
Time interaction was indicated at P < 0.1, a priori contrast was performed by single-degree-
of-freedom comparisons using ‘contrast’ package in R 3.1.2 (Crawley, 2012; Kuhn et al., 
2013; R Core Team, 2014) for each sampling event. Where there was no interaction but there 
was a CO2 effect, repeated-measures ANOVAs were re-performed after removing pre-
treatment measurements, since these had not received eCO2. Response variables were 
transformed (natural log, square root, cubic root or reciprocal) as required to ensure 
homogeneity of variances and normality of errors prior to analyses (Crawley, 2012; Fox & 
Weisberg, 2011).  
After this, LMMs were undertaken with CO2 and two covariates - soil temperature (Tsoil) 
and moisture (Moist) - and their interactions (CO2 x Tsoil and CO2 x Moist) as fixed factors 
in order to evaluate the role of soil conditions in responses to CO2 treatment. This analysis is 
referred to as LMMcov, hereafter. Mean values of soil temperature and moisture were 
calculated for the relevant incubation periods for mineralisation rates and IEM-adsorbed 
nutrients, and for the three months period immediately prior to sampling for extractable soil 
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nutrients and extracellular enzyme activity analyses. Response and explanatory variables 
were again transformed as required to meet model assumptions. Model fit was evaluated 
based on variance explained by only fixed factors and both fixed and random factors 
according to Nakagawa and Schielzeth (2013). Confidence intervals (95%) on parameters 
predicted by LMMcov were computed by performing parametric bootstrap using the ‘lme4’ 
package in R 3.1.2 (Bates et al., 2014). 
Seasonal effects of CO2 treatments on N:P ratios of plant available nutrients (RNP) were 
analysed using a multiple regression, with treatment response ratios of RNP as a response 
variable and soil temperature and moisture as predictors. Treatment means and response 
ratios of RNP were computed following log transformation, with results presented as 
geometric means. The standard errors of response ratios were approximated on a log scale 
using non-parametric bootstrap analysis of the treatment difference of arithmetic means of 
log-transformed RNP (Canty & Ripley, 2015; Davison & Hinkley, 1997).  
P values were obtained for minimal adequate models by deleting non-significant (P > 0.1) 
factors from maximal models (Crawley, 2012), but given the small number of treatment 
replicates (n = 3), marginally significant (P ≤ 0.1) factors were kept. Kenward-Roger Degrees 
of Freedom Approximation was employed to estimate residual degrees of freedom for F tests 
in LMMs using the ‘lmerTest’ package in R 3.1.2 (Kenward & Roger, 1997; Kuznetsova et 
al., 2014). All statistical analyses were performed using R 3.1.2. 
 
2.4 Results 
 
2.4.1 Plant accessible inorganic N and P - Ion exchange resin membrane (IEM) 
Repeated-measures ANOVA showed a significant CO2 x Time interaction (Fig. 2.2a, F10, 
459 = 1.85, P = 0.05) and revealed seasonally-dependent effects of CO2 on IEM-adsorbed 
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NO3
-
. Over the 18 month study period, NO3
-
 concentrations were 95% higher under eCO2 
compared to ambient, with statistically significant treatment effects in December 2012 
(+120%, P < 0.05), June 2013 (+192%, P < 0.01) and January 2014 (+216%, P < 0.01). 
Although concentrations were 78% higher in eCO2 compared to ambient rings before CO2 
treatment was switched on, the difference was not statistically significant. LMMcov found that 
soil temperature (P < 0.001) and moisture (P < 0.001) were also strong drivers of NO3 
concentrations, with greater availability at higher temperatures and soil moistures (Table 2.1, 
Fig. 2.3). 
Elevated CO2 increased IEM-adsorbed NH4
+
 concentrations by 12% over the study period. 
Although small, treatment differences were consistent across time, resulting in a marginally 
significant effect (F1, 2 = 15.3, P = 0.06, Fig. 2.2b). IEM-adsorbed NH4
+
 was also correlated 
positively with soil temperature (LMMcov P < 0.01) and negatively with soil moisture 
(LMMcov P < 0.001, Table 2.1). The relationship with soil moisture was stronger at ambient 
than eCO2 treatment, with a significant CO2 x Moist interaction (LMMcov P < 0.05), implying 
that NH4
+
 availability was higher in eCO2 than ambient rings under wet conditions (Fig. 2.3). 
Elevated CO2 had a positive effect on IEM-adsorbed PO4
3-
, with a more consistent pattern 
of significant monthly increases in concentrations under eCO2 than those for NO3
-
 and NH4
+
, 
and also a highly significant CO2 x Time interaction (Fig. 2.2c, F10, 460 = 3.24, P < 0.001). 
Treatment effects varied between seasons with increases under eCO2 seen predominantly in 
warmer months; IEM-adsorbed PO4
3-
 concentrations were 80% higher in eCO2 rings between 
September 2012 and March 2013, and 69% between September 2013 and February 2014, 
with the largest increase (+124%) observed in December 2012. Treatment differences 
disappeared in the cooler part of the year (Apr-Aug 2013). LMMcov demonstrated treatment-
specific correlations with soil temperature and moisture (Table 2.1, Fig. 2.3). While PO4
3-
 
concentrations were scarcely correlated with soil moisture in eCO2, there was a positive 
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relationship with moisture in ambient rings. In contrast, the positive relationship between 
PO4
3-
 concentrations and temperature was stronger in eCO2 rings compared to ambient. 
Modelled relationships between PO4
3-
 concentrations, temperature and moisture under 
elevated and ambient CO2 highlight that CO2 stimulation of PO4
3-
 availability is greatest 
under low soil moisture, particularly under warmer conditions (Fig. 2.3). 
 
Fig. 2.2 Temporal changes in ion exchange resin membrane (IEM)-adsorbed (a) NO3
-
, (b) 
NH4
+
 and (c) PO4
3-
 (Mean ± 1.SE, n = 3). The vertical dotted line indicates when CO2 
treatments were switched on (18
th
 September 2012). Where there is a significant CO2 x Time 
interaction (P < 0.05), results of post-hoc comparisons between CO2 treatments for each 
month are shown above the relevant bars with the following significance codes: P < 0.05 (*), 
< 0.01 (**) and < 0.001 (***). 
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Table 2.1 Summary of linear-mixed effects models of CO2 and soil variable effects 
(LMMcov) on ion exchange resin membrane (IEM)-adsorbed nutrients, soil extractable 
nutrients, turnover rates of inorganic N and P, and potential soil enzyme activity. Fixed 
factors are CO2, soil moisture (Moist) and temperature (Tsoil), and their interactions (CO2 x 
Moist and CO2 x Tsoil). Degree of freedom for each explanatory variable is 1, with residual 
degrees of freedom referred to as DfRes. P < 0.1 is shown in bold, otherwise shown as ns (not 
significant). 
  
    Predictors 
Response variables   CO2 Moist Tsoil CO2xMoist CO2xTsoil 
IEM 
NO3
-
 
F - 15.11 13.65 - - 
DfRes - 446 429 - - 
P ns <0.001 <0.001 ns ns 
NH4
+
 
F 8.07 290.19 8.03 4.60 - 
DfRes 2 120 434 119 - 
P 0.119 <0.001 0.005 0.034 ns 
PO4
3-
 
F 6.59 3.31 76.15 4.31 8.24 
DfRes 2 457 430 397 431 
P 0.128 0.070 <0.001 0.039 0.004 
Soil extractable 
NO3
-
 
F - - 9.16 - - 
DfRes - - 119 - - 
P ns ns 0.003 ns ns 
NH4
+
 
F - 15.63 13.79 - - 
DfRes - 76 118 - - 
P ns <0.001 <0.001 ns ns 
PO4
3-
 
F - - 20.16 - - 
DfRes - - 59 - - 
P ns ns <0.001 ns ns 
Mineralisation 
N mineralisation  
F - 5.55 5.65 - - 
DfRes - 70 118 - - 
P ns 0.021 0.019 ns ns 
Nitrification 
F 0.88 2.83 - 4.66 - 
DfRes 2 135 - 54 - 
P 0.462 0.095 ns 0.035 ns 
P mineralisation 
F - 10.71 3.53 - - 
DfRes - 20 119 - - 
P ns 0.004 0.063 ns ns 
Enzyme 
CBH
1
 
F 0.13 283.20 - 3.21 - 
DfRes 2 48 - 49 - 
P 0.758 <0.001 ns 0.079 ns 
BG
2
 
F - 214.12 4.14 - - 
DfRes - 47 49 - - 
P ns <0.001 0.047 ns ns 
NAG
3
 
F - 213.80 5.65 - - 
DfRes - 51 49 - - 
P ns <0.001 0.021 ns ns 
AP
4
 
F - 489.98 20.40 - - 
DfRes - 49 48 - - 
P ns <0.001 <0.001 ns ns 
1β-D-cellobiohydrolase. 
2β-glucosidase. 3N-acetylglucosaminidase. 4Acid phosphatase.  
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Fig. 2.3 Conditional scatter plot of ion exchange membrane (IEM)-adsorbed nutrient 
concentrations (NO3
-
, NH4
+
 and PO4
3-
 ) against soil moisture for a given soil temperature 
range: Cold (12 to 16 ℃), Moderately warm (16 to 20 ℃) and Hot (20 to 24 ℃), plotted with 
predicted lines and associated 95% confidence intervals. Predicted values were estimated 
from linear-mixed effects models with two covariates (soil moisture and temperature; 
LMMcov), demonstrating treatment-specific correlations with soil temperature and moisture 
(Table 2.1). Bootstrap analyses were employed to approximate 95% confidence intervals for 
coefficients estimated by LMMcov.  
 51 
 
 
Fig. 2.4 Treatment response ratios for N:P (RNP) in relation to soil temperature, for ion 
exchange resin membrane (IEM)-adsorbed nutrients. The response ratios of RNP were 
determined as ratios of geometric means of RNP for eCO2 (RNP_eCO2) and ambient (RNP_amb) 
treatments. n = 3 for each treatment (Mean ± 1.SE, n = 3 for each treatment). 
Multiple regression analysis showed that treatment response ratios for N:P (RNP) were 
negatively correlated with soil temperature (F1, 8 = 8.10, P < 0.05; Fig. 2.4), but not with soil 
moisture (P > 0.05). Overall, RNP was 16% lower in eCO2 compared to ambient rings during 
the warmer months (Sep 2012–Mar 2013 and Sep 2013–Feb 2015), with the biggest effects 
of CO2 on P availability (Fig. 2.2c). 
 
2.4.2 Extractable soil inorganic N and P pools 
There was no evidence of an overall treatment effect on KCl-extractable NO3
-
 (Fig. 2.5a). 
KCl-extractable NH4
+
 concentrations were 23% (F1, 2 = 3.25, P > 0.05) higher under eCO2 
compared to ambient across the study period (Fig. 2.5b), with a significant CO2 x Time 
interaction (F6, 132 = 3.15, P < 0.01); treatment differences were significant on only two 
occasions - December 2012 (+52%, P < 0.05) and December 2013 (+35%, P < 0.05). 
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Extractable NH4
+
 was also significantly correlated with both soil moisture (LMMcov P < 
0.001, Table 2.1) and temperature (LMMcov P < 0.001).  
 
 
Fig. 2.5 Temporal changes in KCl-extractable (a) NO3
-
, (b) NH4
+
 and (c) Bray-extractable 
PO4
3-
 (Mean ± 1.SE, n = 3). The vertical dotted line depicts the point at which CO2 was 
switched on (18
th
 September 2012). Where there is a significant CO2 x Time interaction (P < 
0.05), results of post-hoc comparisons between CO2 treatments for each month are shown 
above the relevant bars with the following significance codes: P < 0.05 (*), < 0.01 (**) and < 
0.001 (***).  
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As with IEM data, extractable PO4
3-
 concentrations varied throughout the 18 month study 
period, revealing a significant CO2 x Time interaction (Fig. 2.5c, F6, 132 = 3.18, P < 0.01). 
Concentrations were generally higher (+14%) in eCO2 compared to ambient rings, with 
increases of 23% (P < 0.05) in March and 19% (P = 0.06) in December 2013. Of particular 
note was the relatively large (+27%) increase in eCO2 rings over the first 3-months of CO2 
fumigation, compared to no change in ambient rings over the same period (Fig. 2.5c). 
Extractable PO4
3-
 was also positively related to soil temperature (LMMcov P < 0.001, Table 
2.1). 
 
2.4.3 Dissolved inorganic N, P and organic C in soil solution 
There was limited evidence of eCO2 effects on concentrations of dissolved inorganic N or 
P in soil solution in either shallow or deep soil layers (Fig. 2.6). Significant CO2 x Time 
interactions were, however, found for concentrations of both NH4
+
 (F9, 136 = 2.59, P < 0.01) 
and PO4
3-
 (F9, 136 = 2.39, P < 0.05) in the deep soil layer (Fig. 2.6f, g); both positive and 
negative effects of CO2 were seen, depending on sampling months. 
Dissolved organic carbon (DOC) concentrations were generally higher in eCO2 rings 
compared to ambient (+25% in the shallow layer and +21% in the deep layer over the 18 
month study period). Although treatment effects were not statistically significant in the 
shallow layer (Fig. 2.6d), there was a significant CO2 x Time interaction in the deep layer (F9, 
124 = 2.54, P < 0.05, Fig. 2.6h), with higher concentrations under eCO2 in October 2012 
(+158%, P < 0.01), February 2013 (+33%, P = 0.08), March 2013 (+37%, P < 0.05) and 
November 2013 (+43%, P < 0.05). 
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Fig. 2.6 Temporal changes in concentrations of dissolved NO3
-
, NH4
+
, PO4
3-
 and dissolved 
organic carbon (DOC) in soil solution in the shallow (a, b, c and d) and deep layers (e, f, g 
and h; Mean ± 1.SE, n = 1 to 3). The vertical dotted line indicates the point at which CO2 was 
switched on (18
th
 September 2012). Where there is a significant CO2 x Time interaction (P < 
0.05), results of post-hoc comparisons between CO2 treatments for each month are shown 
above the relevant bars with the following significance codes: P < 0.05 (*), < 0.01 (**) and < 
0.001 (***). 
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Fig. 2.7 Temporal change in (a) N mineralisation, (b) nitrification and (c) P mineralisation 
rates (Mean ± 1.SE, n = 3). The vertical dotted line indicates the point at which CO2 was 
switched on (18
th
 September 2012). Where there is a marginally significant CO2 x Time 
interaction (P < 0.1), results of post-hoc comparisons between CO2 treatments for each month 
are shown above the relevant bars with significant codes: P < 0.05 (*), < 0.01 (**) and < 
0.001 (***). 
2.4.4 N and P turnover 
There was some evidence of a seasonally-dependent effect of eCO2 on net N 
mineralisation (F5, 132 = 2.03, P = 0.07, Fig. 2.7a); N mineralisation was almost three times 
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higher in eCO2 rings compared to ambient between September 2012 and May 2013, but less 
than half rates recorded between June and November 2013. LMMcov suggests that soil 
temperature and moisture are also strong drivers of N mineralisation rates, with rates 
positively related to soil temperature (P < 0.05) and negatively related to soil moisture (P < 
0.05, Table 2.1). 
Over the study period, CO2 effects on net P mineralisation were not significant, although 
there is an indication of a CO2 x Time interaction (F6, 132 = 1.87, P = 0.09). Of particular note, 
however, is the substantial increase in net P mineralisation rates during the first three months 
immediately after CO2 treatments were initiated (Fig. 2.7c). The change from pre-treatment 
mineralisation rates to those measured three months later (post CO2 switch on) was an order 
of magnitude higher in eCO2 than in ambient rings. As was also seen for N mineralisation, 
LMMcov highlights the importance of soil conditions as drivers of P mineralisation, with the 
latter significantly correlated with soil moisture (P < 0.01) and temperature (P = 0.06, Table 
2.1). 
 
2.4.5 Soil extracellular enzyme activity 
There was no evidence of an eCO2 effect on the activities of four extracellular enzymes 
responsible for turnover of organic C, N and P (Fig. 2.8). A similar temporal pattern was seen 
for all enzymes, with greatest activities measured during the summer months. LMMcov 
demonstrated that the activities of all four enzymes were negatively correlated with soil 
moisture (P < 0.001), while BG, NAG and AP were also positively correlated with soil 
temperature (Table 2.1). These soil variables, especially moisture, explained the substantial 
temporal variations in enzyme activity and accounted for between 70-90% of the model 
variance. 
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Fig. 2.8 Temporal changes in potential enzyme activities (Mean ± 1.SE, n = 3): (a) β-D-
cellobiohydrolase, (b) β-glucosidase, (c) N-acetylglucosaminidase and (d) acid phosphatase. 
The vertical dotted line indicates the point at which CO2 was switched on (18
th
 September 
2012). 
2.4.6 Soil pH 
Elevated CO2 lowered bulk soil pH (0-30 cm) by 0.18 units in eCO2 rings, compared to 
ambient, after 9-months of CO2 fumigation, although even this fairly large difference was 
significant only at P = 0.09 (Fig. 2.9).  
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Fig. 2.9 Mean soil pH (0-30 cm depth) measured in June 2012 (before CO2 treatments 
commenced) and June 2013 (after 9-months of CO2 fumigation; Mean ± 1.SE, n = 3). Results 
of post-hoc comparisons between CO2 treatments for each year are shown above the relevant 
bars. 
2.5 Discussion 
During the first 18-months of CO2 fumigation, I found seasonally-dependent positive 
effects of eCO2 on the availability and turnover of soil N and P and a consequent decrease of 
N:P ratios in this mature Eucalyptus woodland. Such a rapid and proportionally large increase 
in available soil P as soon as CO2 treatment began, and the seasonality of these responses, are 
particularly interesting in the context of a demonstrably P-limited ecosystem (Crous et al., 
2015). Few studies have looked at how soil P availability is affected by eCO2, and those that 
have report conflicting findings. For instance, Johnson et al. (2004) found no significant 
effects of eCO2 on P availability during the first two years of CO2 fumigation in a (non P-
limited) sweetgum plantation. In contrast, Huang et al. (2014) found increased available P 
under eCO2 following five years’ CO2 fumigation in an open-top chamber study in a highly 
weathered P-deficient subtropical forest in China. They suggested that this was primarily 
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associated with higher soil moisture levels at eCO2 and associated increases in turnover of 
organic matter. At EucFACE, soil moisture did not differ between CO2 treatments during the 
study period (10.4% ± 1.7 in ambient and 10.5% ± 1.6 in eCO2 rings, Mean ± 1.SE, n = 3) 
and is, therefore, unlikely to have made a major contribution to early increases in P 
mineralisation rates. Khan et al. (2008, 2010) also report increased soil P availability under 
eCO2 in a poplar plantation following four years of CO2 fumigation. They found that eCO2 
increased organic P but had no effect on total soil P content in a P-limited study site, 
proposing weathering of occluded P and priming of organic matter as the sources of increased 
P. Dijkstra et al. (2012) also found decreased N:P ratios of available soil nutrients under 
eCO2 during a three year CO2 fumigation in a northern mixed-grass prairie. Although they 
attributed this to CO2-associated increases in soil moisture content, such a mechanism is 
unlikely for the present study, given the lack of treatment effects on soil moisture at 
EucFACE. Greater proportional increases in P availability relative to N observed in the 
present study likely reflect the greater plant and microbial demand for P, given its strong 
limitation of plant growth at the site (Crous et al., 2015). Secretion of extracellular enzymes 
to mobilise nutrients in organic matter is one of the key mechanisms by which microbes 
regulate nutrient availability (Guenet et al., 2012; Lagomarsino et al., 2008; Menge & Field, 
2007). Although there were no effects of eCO2 on phosphatase enzyme activity in bulk soil in 
the present study, subsequent analysis has shown a decrease in the ratio of carbon-degrading 
to phosphorus-degrading enzymes in rhizosphere soil (Ochoa-Hueso et al., submitted) 
providing some evidence of treatment effects on plant and microbial-mediated access to soil 
organic P.  
The initial increases in both N and P mineralisation rates in present study provide support 
for CO2-driven priming of organic matter turnover in the early months of the experiment. 
However, the rapid increase in soil N availability and N mineralisation rates under eCO2 
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contrasts with findings from previous FACE studies that report no or negative eCO2 effects 
over relatively longer periods of CO2 fumigation (2–5 years) for plantation forests in the USA 
(Finzi et al., 2002; Zak et al., 2003) and Italy (Lagomarsino et al., 2008), and for a temperate 
Australian grassland (Hovenden et al., 2008). Of note also was the disappearance of the CO2 
effect on mineralisation rates after the first six to nine months of treatment. Changes in the 
size and even direction of CO2 effects on nutrient cycling over time are known from FACE 
studies elsewhere. For example, following a lack of treatment effect on N turnover 
(mineralisation/immobilisation rates) in the first four years of the DUKE FACE experiment 
(Finzi et al., 2002; Zak et al., 2003), a significant enhancement was reported for rhizosphere 
soil after 12 years of fumigation (Phillips et al., 2011).  
The disappearance of early treatment effects on N and P mineralisation rates during the 
cooler, drier months of the first year of the present study is perhaps not surprising, given the 
close relationship between soil temperature, moisture and microbial activity (Brockett et al., 
2012; Hackl et al., 2005). However, the fact that treatment effects on mineralisation did not 
re-appear as conditions warmed (Sep 2013–Mar 2014) - a pattern that was in fact seen 
strongly for IEM-adsorbed PO4
3-
 concentrations - suggests that CO2 effects on P availability 
in particular cannot be solely attributed to faster rates of organic matter turnover.  
Additional mechanisms that could contribute to observed patterns of soil P include 
exudation of carboxylates by plants and associated mycorrhizae, and also soil acidification. 
Eucalyptus species are widely known to be infected by ectomycorrhizal fungi on their roots; 
thereby P uptake by plants is improved particularly under P-limited conditions (Bougher et 
al., 1990; Johnson et al., 2015; Mason et al., 2000; Schachtman et al., 1998). Soil 
acidification could result from 1) proton (H
+
) release from plant roots and mycorrhizal 
hyphae (Arvieu et al., 2003; Casarin et al., 2003; Hinsinger, 2001) and 2) carbonic acid due 
to the dissolution of CO2 in soil water under eCO2 (Andrews & Schlesinger, 2001). Protons 
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are released from plant roots and mycorrhizal hyphae to maintain charge balance in 
association with cation uptake (Arvieu et al., 2003; Casarin et al., 2003; Gahoonia & Nielsen, 
1992; Shen et al., 2004). Exudation of carboxylates – the anionic component of organic acids 
- and H
+
 release from plant roots and associated mycorrhizal hyphae have long been known 
for a wide range of plants and ectomycorrhizae, especially in soils of very low P availability 
– resulting in mobilisation of chemically-bound P and enhanced turnover of organic P pools 
(Gardner et al., 1983; Hinsinger, 2001; Imas et al., 1997; Lambers et al., 2008, 2012; 
Plassard & Dell, 2010; Shen et al., 2004; van Hees et al., 2006; Vance et al., 2003). Although 
the relationship between soil pH and P availability depends strongly on soil types and 
associated plant communities (e.g. Betencourt et al., 2012; Devau et al., 2010; Staunton & 
Leprince, 1996), there is evidence of increased plant P uptake with lower rhizosphere soil pH 
in P-limited, neutral-moderately acidic soils/solution-culture (e.g. Gahoonia & Nielsen, 1992; 
Riley & Barber, 1971; Shahbaz et al., 2006). Furthermore, given that bulk soil provides a 
relatively dilute signal for plant driven changes in rhizosphere chemistry (Gahoonia & 
Nielsen, 1992; Hunter et al., 2014; Nichol & Silk, 2001; Radersma & Grierson, 2004), the 
decrease of nearly 0.2 pH units in bulk soil pH observed under eCO2 in this study may well 
be indicative of ecologically significant levels of carboxylate exudation and/or H
+
 release. 
Taken together, the significantly higher concentrations of DOC in soil solution and lower soil 
pH seen under eCO2 provide indirect support for an involvement of organic acids and/or H
+
 
release in observed patterns of nutrient availability, although direct measurements of exudate 
chemistry would be required to confirm this. 
The observed trend towards treatment-related increases in DOC in soil solution in both 
shallow (+25%) and deep (+21%) soil layers strongly suggests that plants are allocating more 
assimilates to labile C exudation under eCO2 (Phillips et al., 2011; van Hees et al., 2005) 
and/or greater fine root biomass (Garten & Brice, 2009; Hyvönen et al., 2007; Norby et al., 
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2004). The increased DOC and very rapid increases in soil CO2 flux observed at the site 
immediately after the start of CO2 fumigation (Drake et al., submitted) support the widely 
accepted phenomenon of increased plant-derived labile C-inputs belowground under eCO2 
observed in FACE experiments elsewhere (Hoosbeek et al., 2004; Phillips et al., 2011; van 
Hees et al., 2005). Increased exudation of labile C has been shown to enhance microbial 
decomposition of soil organic matter – so called “priming” (Phillips et al., 2011; Qiao et al., 
2014; van Hees et al., 2005) - leading to increased nutrient availability, and could contribute 
to an explanation of the higher rates of N and P mineralisation observed in the present study.  
I employed multiple metrics for assessing pools and fluxes of soil nutrients that can be 
broadly classified as instantaneous and integrating measures, according to the timescale over 
which sampling is carried out. Instantaneous measures of nutrient concentrations in soil 
extracts and soil solution are commonly used, but give only a snapshot of the size of 
inorganic N or P pools (Bowatte et al., 2008). The ability to detect treatment effects on soil 
nutrient availability using instantaneous measures depends on sample timing in relation to 
environmental constraints on potential responses. For example, snapshot sampling may fail to 
capture treatment signals during very dry periods where extracellular enzyme activity is 
constrained by low soil moisture (Baldrian et al., 2010; Steinweg et al., 2012) and where 
increased plant and/or microbial immobilisation masks increases in rates of nutrient cycling. 
On the other hand integrating measures such as the bi-monthly in situ IEM exposures used in 
this study reflect not only nutrient stocks but also associated fluxes, and thus provide a better 
representation of overall treatment effects on nutrient availability to plants and microbes 
(Bowatte et al., 2008; Qian & Schoenau, 2002). Also, the less distractive sampling method of 
IEMs allowed more frequent sampling compared to the above distractive soil sampling, 
making statistical analysis more robust. Overall, effects of eCO2 treatment were generally 
small or negligible for instantaneous measures relating to nutrient availability (i.e. extracts, 
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enzyme activity and soil solution) compared to the more integrating measures (i.e. IEMs and 
in situ mineralisation rates) used in this study. Such differences between measurement 
approaches have not been reported in FACE or open-top chamber studies elsewhere, possibly 
because soil nutrient availability is generally higher and soil moisture levels less variable at 
other sites, compared to EucFACE (e.g. Finzi et al., 2001; Hungate et al., 1999; Lagomarsino 
et al., 2008; Schleppi et al., 2012).  
 
Conclusion 
Early results from this experiment suggest that increased plant investment in 
belowground C under eCO2 - as evidenced by increased soil DOC concentrations and 
concurrent increases of ≈10% in soil CO2 efflux (Drake et al., submitted) - is driving the 
observed increases in nutrient availability, particularly for P. This is the first study to 
investigate ecosystem responses to eCO2 in a mature, P-limited woodland and, as such, 
provides novel insight into soil nutrient dynamics in a higher CO2 world. Initial results 
suggest that there is at least the potential for CO2-driven increases in soil P availability to 
support increased C-accumulation in nutrient-poor, P limited ecosystems as CO2 
concentrations continue to rise. Further work will be undertaken to derive detailed carbon and 
nutrient budgets for EucFACE to determine whether observed increases in soil nutrient 
availability do indeed support increased NPP under eCO2 at this site. 
  
 64 
 
3 Effects of elevated CO2 on the 
understorey plant community in a 
Eucalyptus woodland 
3.1 Abstract 
Increases in atmospheric CO2 concentrations have a great potential to alter plant 
community composition and associated ecosystem functioning and local plant diversity. 
Despite its substantial contribution to global biogeochemical processes, the least attention has 
been paid to climate change impacts on an understorey plant community to date. This was the 
first study investigating understorey community responses to elevated (e)CO2 in a mature 
Eucalyptus woodland using Free-Air CO2 Enrichment (EucFACE) over two years of CO2 
fumigation. No significant difference in plant communities between treatments was found, 
but eCO2 substantially influenced the succession of community composition over the study 
period. eCO2 increased ratios of C3:C4 plant abundance relative to ambient treatment by 22%, 
driven by increased C4 abundance under the ambient probably due to remarkably high 
temperatures in the survey years. Under eCO2, on the other hand, any advantage of warmer 
temperatures for C4 species was compensated by positive effects of CO2 fertilisation on C3 
species due to the higher saturating CO2 concentrations. eCO2 also decreased species 
evenness as a result of relative increases in a dominant C3 plant proportion compared to 
ambient treatment, decreasing diversity (Shannon-Weaver’s index) by 13%. A large 
proportion of the total variation in the plant community was attributed to high spatial 
heterogeneity across the field site at the beginning of the study, with strong associations with 
soil conditions (moisture, total carbon content and pH). Two-years of CO2 fumigation has not 
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resulted in distinctively different understorey communities; initial results do, however, 
suggest that increased CO2 concentrations could drive changes in woodland understorey plant 
communities and lead to shifts in ecosystem function. 
  
 66 
 
3.2 Introduction 
Increased atmospheric carbon dioxide concentrations (eCO2) are widely known to 
influence plant physiological processes. In particular, eCO2 has been associated with 
increases in photosynthetic rates and water use efficiency (WUE) for a broad range of plant 
species and experimental scales, from controlled-environment chambers to field-based 
experiments (e.g. Gielen & Ceulemans, 2001; Morgan et al., 2004b; Nowak et al., 2004; 
Prior et al., 2011).  
Plant responses to eCO2 are often considered in the context of plant functional groups 
(PFGs). For instance, photosynthetic responses of C3 and C4 plants to eCO2 have been 
extensively documented; leaf CO2 assimilation rates of C3 plants are generally more 
responsive to increased CO2 concentrations than those of C4 due to the higher saturating CO2 
concentrations associated with the C3 photosynthetic pathway (Bowes, 1993). Hence C3 
species are generally hypothesised to be more favoured over C4 in terrestrial ecosystems 
under increased future CO2 concentrations. Also, Nowak et al. (2004)’s review from 16 sites 
of Free-Air CO2 Enrichment (FACE) experiments report that leaf CO2 assimilation rates of 
woody-plants were more responsive to eCO2 than those of herbaceous plants due to down-
regulation of leaf N concentrations in the latter. A number of studies, on the other hand, 
report species-specific plant responses to eCO2 regardless of PFGs (e.g. Belote et al., 2004; 
Hovenden et al., 2007; Morgan et al., 2004b; Williams et al., 2007). Clearly, some PFGs or 
species respond to eCO2 to a greater extent than others, and thus are likely to perform better 
in mixed communities. This could potentially lead to a shift in plant community composition 
and diversity (Potvin & Vasseur, 1997; Soussana & Lüscher, 2007). 
Plant community and diversity are key determinants of ecosystem functioning and the 
provision of ecosystem services, playing an important role in nutrient and carbon cycling in 
terrestrial biomes (He et al., 2002; Hooper et al., 2005; Isbell et al., 2011; Reich et al., 2001; 
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Tilman et al., 1997). Shifts in plant communities have been shown to result in changes in 
ecosystem functioning (e.g. Kardol et al., 2010b; Langley & Megonigal, 2010); hence an 
understanding of how communities respond to climate change is essential for predicting 
future changes in ecosystem functioning and potential feedback to global C cycle. Changes in 
plant communities also often alter diversity via losses or gains of species and alteration of a 
proportion of dominant or low-abundance species in the community. In particular, losses of 
native species and/or invasion of non-native ones could threaten local and regional 
ecosystems (Hovenden & Williams, 2010; Sorte et al., 2013). 
Despite many studies on plant responses to eCO2, particularly in greenhouse 
environments, it is still challenging to extrapolate responses based on single species or 
artificial plant communities exposed in controlled conditions since these rarely capture the 
complexity of intra- and inter-specific competition or the complexity of real world 
environmental relationships (Langley & Megonigal, 2010; Poorter & Navas, 2003). A large-
scale experiment under field conditions is required in order to understand plant community 
responses to climate change (Hovenden & Williams, 2010). There have been some in situ 
eCO2 experiments involving plant communities using FACE or open-top chamber (OTC) 
facilities. Most of them were mainly situated in grasslands (e.g. review by Morgan et al., 
2004b), with a few studies in a desert (Smith et al., 2014), a herbaceous wetland (Langley & 
Hungate, 2014) and agricultural old-field systems (Engel et al., 2009; Kardol et al., 2010a), 
reporting that the magnitude, timing and duration of plant responses to eCO2 are not always 
consistent between species-, PFG-, or contrasting vegetation types (e.g. Morgan et al., 2004b; 
Nowak et al., 2004).  
Although eCO2 is, generally, reported to have positive effects on C3 species and relatively 
smaller effects on C4
 
species, studies show conflicting results. For example, Morgan et al. 
(2011) found that eCO2 increased C3 grass biomass to greater extent than C4 in a semi-arid 
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native grassland during 4-years of CO2 fumigation using FACE. Moreover, Morgan et al. 
(2004a) found that eCO2 increased C3 but not C4 grasses and consequent shift of plant 
community composition in a native grassland during 5-years of CO2 fumigation using OTCs. 
By contrast, Williams et al. (2007) found negative effects of eCO2 on C3 grasses but no effect 
on C4 grasses during 3-years of CO2 fumigation using FACE in an Australia’s native 
grassland. Engel et al. (2009) and Kardol et al. (2010a) found increased total community 
biomass but no evidence of community shift by eCO2 with seven crop species (incl. legumes, 
forbs and C3 and C4 grasses) planted in an agricultural old-field following 2-years of CO2 
fumigation in OTCs.  
Species or community responses to eCO2 are also influenced by factors such as soil 
moisture, precipitation, nutrient availability and the nature of intra-/inter-species competition 
(Derner et al., 2003; Smith et al., 2014). Whilst some studies showed that eCO2 favours 
certain taxa and consequently alters plant communities towards higher C3:C4 ratios as 
mentioned above, eCO2 is also reported to enhance co-occurrence of species (e.g. Derner et 
al., 2003; Kardol et al., 2010a; Reich, 2009). Plant responses to eCO2 can also be strongly 
influenced, or dominated by, their responses to other concurrent environmental conditions. 
For instance, Langley and Megonigal (2010) found that the effects of eCO2 on the relative 
performance of C3 and C4 plants in a herbaceous wetland was strongly influenced by the 
addition of nitrogen. 
Compared to grasslands, little attention has been drawn to woodland understorey 
vegetation responses to climate change, despite its important role in a range of 
biogeochemical processes in forest ecosystems, via its contribution to ecosystem carbon 
sequestration, high photosynthetic rates, and fast nutrient turnover rates (Kolari et al., 2006; 
O'Connell et al., 2003; Yarie, 1980). Oak ridge FACE and Aspen FACE experiments report 
understorey plant community responses to eCO2. For example, eCO2 was found to accelerate 
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succession from a herbaceous- to an woody-plant dominant community in a sweetgum 
plantation (Oak ridge FACE) after 10-years of CO2 fumigation (Belote et al., 2004; Sanders 
et al., 2004; Souza et al., 2010). In a mixed aspen, birch and maple plantation (Aspen FACE), 
there was no strong evidence of a CO2 effect on the understorey PFG community which was 
in fact more influenced by differences in light availability reflecting the different overstorey 
communities (Awmack et al., 2007; Bandeff et al., 2006). 
In Australia, despite the economic and geological importance of Eucalyptus woodlands, 
almost nothing is known about how their understorey vegetation will respond to climate 
change, representing a major knowledge gap in climate change research (Hovenden & 
Williams, 2010; Prober et al., 2012). The study presented in this chapter is the first field-
based investigation of effects of eCO2 on understorey vegetation in a Eucalyptus woodland. 
Herein, I will test the following hypotheses: 
1) eCO2 will change species composition and associated plant diversity. 
Rationale: Due to intra- and inter-specific competition and species- or PFG-specific 
eCO2 effects (magnitude, duration and timing), eCO2 will change the relative fitness 
of competing understorey taxa.  
2) eCO2 will cause a shift in plant community towards larger C3 species abundance at the 
expense of C4 species.  
Rationale: eCO2 enhances plant productivity of C3 species to a greater extent than 
that of C4 specie due to the higher saturating CO2 concentrations associated with the 
C3 photosynthetic pathway. 
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3.3 Methods 
 
3.3.1 Experimental site 
This study was conducted at the Eucalyptus Free-Air CO2 Enrichment experiment 
(EucFACE), located at the University of Western Sydney near Richmond, New South Wales, 
Australia (33
o61’ S, 150o74’ E). The experimental site is described in detail in Chapter 2 and 
in Crous et al. (2015). 
 
3.3.2 Vegetation survey 
Understory species cover was determined in four permanent, randomly located 2 m x 2 m 
plots in each of the six FACE rings. Presence/absence of all species was surveyed in each of 
one hundred 20 cm x 20 cm cells per plot. The first survey was conducted in September 2012, 
prior to initiation of the CO2 treatment (18
th
 September 2012), and in the Austral spring. At 
that time, no grasses were in flower, making it impossible to accurately identify grasses; grass 
species IDs were therefore confirmed in December 2012, when most were in flower. Repeat 
surveys were conducted in exactly the same plots in January 2014 and January 2015, 
identifying all understorey species. The abundance for each species was given as the total 
number of cells where they were present for each plot. In addition, the abundance of species 
was aggregated by plant functional groups (PFGs) based on their life forms: C3 grasses 
(C3_grass), C4 grasses (C4_grass), leguminous forbs (Legume), non-leguminous forbs (Forb), 
mosses and woody-plants. Sedges and rushes were categorised as grass in the analysis. 
The results from September + December 2012, January 2014 and 2015 are, hereafter, 
referred to as Year0, Year1 and Year2, respectively. In Year1 and Year2 the survey was 
conducted only in summer periods; hence spring forb species were likely to be missed. Year0 
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was used as a full species baseline, allowing us to examine eCO2 effects on the succession of 
plant communities over the study period.  
 
3.3.3 Univariate analysis 
I examined CO2 effects on plant diversity, proportions of PFGs, abundance of dominant 
species and the magnitude of year-to-year shift in the plant community. Firstly, diversity of 
the understorey community was evaluated using the following indices computed for each plot 
within each ring: species richness, or the number of species [S], Shannon-Weaver index [H’; 
− ∑ 𝑝𝑖𝑙𝑛(𝑝𝑖)
𝑆
𝑖=1 , where 𝑝𝑖 is a proportion of species i], and Pielou's evenness [J’; H’/ln(S)] 
(Hill, 1973). Secondly, the following PFGs were calculated as a proportion of total species’ 
abundance, and treated as response variables: C3 species (C3_total), C4 species (C4_total), grasses 
and forbs (i.e. Legume + Forb). Moreover, I analysed C3 grasses (C3_grass) as a proportion of 
total grasses (i.e. C3_grass vs. C4_grass) and the proportion of legumes (Legume) versus non-
legume forbs (Forb). Thirdly, abundance of dominant species – those that contributed to 70% 
of the total abundance of understorey species over the study period were analysed 
individually. Finally the magnitude of year-to-year shifts in the plant community was 
evaluated by calculating the dissimilarity in the plant community between Year0 and Year1 
(Year0-1), and Year1 and Year2 (Year1-2) for each plot within each ring. Dissimilarity was 
computed using Euclidean distance for each of species and PFG compositions following 
ln(n+1) transformation. 
I performed repeated-measures analysis of variance (ANOVA) using ‘lme4’ package in R 
3.1.2 (Bates et al., 2014) to examine CO2 effects on the above response variables with CO2, 
Year and CO2 x Year interaction as fixed factors to determine the effects of CO2 treatment, 
variation over time and interactions between the two. Although eCO2 FACE rings were 
randomly selected, adjacent ambient and eCO2 rings were paired (based on similarity in soil 
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and vegetation characteristics) for statistical analysis, resulting in a set of three blocks, with 
one ambient and one eCO2 ring in each block. Block, ring and plot were used as random 
factors. The unit of analysis was the FACE ring (n = 3). Furthermore, in order to simply 
demonstrate CO2 effects quantitatively, all of the above response variables were also 
presented with CO2 response ratios [(𝑥𝑒𝑙𝑒𝑣/𝑥𝑎𝑚𝑏 − 1) × 100 (%), where 𝑥𝑎𝑚𝑏 and 𝑥𝑒𝑙𝑒𝑣 are 
measurements in ambient and eCO2 rings, respectively] (Poorter & Navas, 2003; Poorter & 
Pérez-Soba, 2001). The standard errors of CO2 response ratios were approximated using non-
parametric bootstrap (Canty & Ripley, 2015; Davison & Hinkley, 1997). 
P values of each fixed terms of repeated-measures ANOVA were approximated by F test. 
Count (i.e. species richness and abundance of dominant species) and proportion (i.e. PFG 
proportions) data were transformed with log or square-root and logit, respectively, prior to 
the analysis (Bolker et al., 2009; Crawley, 2012). Homogeneity of variance and normality of 
errors were inspected using residual plots and Quantile-Quantile plots (Crawley, 2012; Fox & 
Weisberg, 2011). Kenward-Roger Degrees of Freedom Approximation was employed to 
estimate residual degrees of freedom for the F tests using the ‘lmerTest’ package in R 3.2.0 
(Kenward & Roger, 1997; Kuznetsova et al., 2014). All statistical analyses were performed 
using R 3.1.2 (R Core Team, 2014). 
 
3.3.4 Multivariate statistical analysis 
I analysed species and PFG compositions using redundancy analysis (RDA) using ‘vegan’ 
package in R 3.2.0 (Oksanen et al., 2015) to test the association between the understorey 
plant community and CO2 treatments, soil conditions and survey years. The results from the 
four survey plots per ring were aggregated for each ring and ln(n +1) transformed, where n is 
abundance, prior to analysis. I performed RDA for each year separately.  
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Table 3.1 Summary of environmental variables used in redundancy analysis (RDA; Mean ± 
1.SE, n = 3). Total soil carbon (C), soil moisture, soil pH, depth of hard layer (HL), 
photosynthetically active radiation in understorey (PAR) and soil temperature are shown. 
  Year0   Year1   Year2 
Variables Ambient eCO2 
 
Ambient eCO2 
 
Ambient eCO2 
Total soil C (%) 1.27(0.14) 1.4(0.31)  1.32(0.25) 1.47(0.27)  1.63(0.19) 1.73(0.34) 
Moisture (%) 9.1(2.6) 9.6(2.8)  9.0(1.2) 8.4(0.7)  8.2(1.7) 7.5(0.4) 
pH 5.37(0.18) 5.21(0.04)  5.68(0.16) 5.52(0.04)  5.52(0.15) 5.4(0.04) 
Depth of HL 
(m) 
0.38(0.01) 0.45(0.09)  Same as Year1  Same as Year1 
PAR (μmol s-1 
m
-2
) 
128.2(8.3) 137.5(9.7)  169.4(7.0) 172.0(17.0)  152.2(7.3) 131.1(10.2) 
Soil temperature 
(℃) 
17.0(0.1) 16.8(0.2)   18.0(0.1) 17.8(0.1)   18.0(0.1) 17.9(0.00) 
 
Data on pre-treatment soil chemistry, from June 2012 showed substantial pre-treatment 
spatial variation in soil conditions between FACE rings (See also Chapter 2). In order to take 
the variation in plant community driven by spatial heterogeneity in soil conditions into 
account, I performed RDA with CO2 and the following environmental variables as predictors 
(Table 3.1): soil moisture, soil temperature, total soil carbon (C), soil pH, depth of the sub-
soil impermeable layer (hard layer; HL), and understorey photosynthetically active radiation 
(PAR). They were measured in 2012, 2013 and 2014 for Year0, Year1 and Year2 surveys, 
respectively, except that depth of HL was only measured in the 1
st
 year. Depth of HL was 
determined at four randomly-selected locations within each ring in June 2012 and mean 
values were computed for each ring. Soil temperature and moisture in the top 5-25 cm were 
measured using soil water content reflectometers (CS650-L, Campbell Scientific, Australia). 
Eight of them were installed for each ring and soil temperature and moisture were recorded 
every 15 minutes since August 2012. Ring-means between August and December were 
computed for each year (See also Fig. 2.1). Three quantum sensors (LI190SB, Campbell 
Scientific, Australia) were installed at 1.3 m above the ground within each ring and recorded 
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understorey PAR at minute intervals since the middle of October 2012. Ring-means between 
November and December were computed for each year. Four separate 2 m x 2 m plots were 
established within each ring for soil chemical analysis (See Chapter 2 in detail). Soil samples 
were collected in the top 0-10 cm within each plot in June 2012 and 2013, and May 2014. 
Sieved soil samples (<2 mm) were air-dried and mixed with deionised water (1:5 w/v) and 
the pH of two analytical replicates was measured according to Rayment and Lyons (2011) 
using a pH meter (S20 SevenEasy™ pH, Mettler-Toledo International Inc., USA). Total soil 
C was determined using a macro-CN analyser (TruMac Series, LECO Australia Pty. Ltd., 
Australia) with the ground, air-dried soil samples. Mean values of four plots within each ring 
were computed for soil pH and C.  
Since the sample size of RDA was six for each year, only four of the environmental 
variables could be fitted as predictors in one model. I determined the full model as follows. 1) 
Single terms were fitted individually and adjusted R
2
 (R
2
a) was obtained for each variable. R
2
a 
is 0 where there is no relationship between a community and environmental variables 
(Legendre & Legendre, 2012); hence those which returned negative R
2
a were removed. 2) 
Models were constructed for all combinations of four out of the remaining variables and R
2
a 
was computed for each model. Then, the model with the highest R
2
a was selected. 3) 
Multicollinearity of the variables in the selected model was diagnosed with variance inflation 
factor (VIF). Where multicollinearity was indicated at VIF ≥ 10, the model giving the next 
highest R
2
a was selected instead. This was repeated until a model with VIF < 10 was 
determined (Legendre & Legendre, 2012). 4) The linear relationship between the plant 
community data and predictors was tested with the selected model using a permutation test. If 
this test was significant at P ≤ 0.1, this was used as the full model. If not, I went back to 2) 
and reconstructed models with combinations of three terms instead of four. This process was 
repeated until a significant model was obtained. Then, model simplification was conducted 
 75 
 
on the basis of forward selection of predictors, to reach a parsimonious model, following 
Blanchet et al. (2008), with a significance level at P ≤ 0.1. Since the maximum number of 
permutations was only 720 [= 6!], an exact permutation test was performed. 
 
3.4 Results 
 
3.4.1 Univariate analysis 
 
Diversity 
There were 80 species identified in total in our study site over the three years (Table S2). 
In Year0, 78 species were found, of which 69 were found in ambient, 56 in eCO2 rings and 
47 were commonly found in both. Repeated-measures ANOVA showed a significant Year 
effect on species richness (S; F2, 44 = 60.27, P < 0.001, Table 3.2). This was mainly derived 
from a decrease between Year0 and Year1. Repeated-measures ANOVA also showed a 
marginally significant CO2 x Year interaction for S (F2, 44 = 2.52, P < 0.1). In general, S 
decreased to a greater extent in eCO2 compared to ambient rings over the study period (Fig. 
3.1a). Consequently, CO2 response ratios decreased over time. Whilst S was only 9±14% 
lower in eCO2 than ambient in Year0, it was 21±7% lower in Year2 (Table 3.2).  
Repeated-measures ANOVA showed a significant Year (F2, 44 = 15.88, P < 0.001) and 
CO2 x Year interaction (F2, 44 = 3.79, P < 0.05) for Shannon-Weaver’s diversity index (H’; 
Table 3.2). H’ decreased between Year0 and Year1, more so in eCO2 than ambient rings, 
resulting in a decrease in CO2 response ratios over the 28 month study period (Fig. 3.1b, 
Table 3.2). H’ was only 3±7% lower in eCO2 than ambient rings in Year0, but 14±8% lower 
in Year2. By contrast, there was no evidence of either CO2 or Year effects on Evenness (J’; 
Table 3.2). Although not significant, there was evidence of an increase in J’ in ambient rings 
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and a decrease in eCO2 rings between Year0 and Year1 (Fig. 3.1c). In both treatments, S 
decreased during the same period, with H’ hardly affected in ambient rings and reduced in 
eCO2 rings. In ambient rings, some low-abundance species disappeared or increased, while 
the abundance of dominant species hardly changed between years (Fig. S1, Fig. 3.2). This 
may have driven observed relative reduction in evenness and associated diversity in eCO2 
rings compared to ambient rings. 
 
 
Fig. 3.1 Temporal change of diversity indices (Mean ± 1.SE, n = 3): (a) species richness [S], 
(b) Shannon-Weaver’s index [H’], and (c) Pielou's evenness [J’]. 
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Table 3.2 Summary of linear-mixed effects models (LMM), and CO2 response ratios (%) for diversity indices (Species richness [S], Shannon-
Weaver’s index [H’] and Pielou's evenness [J’]), proportions of plant functional groups (PFG), abundance of dominant species and the 
magnitude of year-to-year shifts in composition (i.e. year-to-year dissimilarity). Significant P values (P < 0.1) are shown in bold. CO2 response 
ratios for each year are shown with standard errors within parentheses, estimated using non-parametric bootstrap (n = 3). The number alongside 
dominant species represents percent contribution to the total abundance over the study period.  
  Predictors   CO2 response ratio (%) 
Response variables CO2 Year CO2 x Year 
 
Year0 Year1 Year2 
Diversity 
       
S 0.410 <0.001 0.092  -9(14) -14(8) -21(7) 
H' 0.420 <0.001 0.030   -3(7) -12(7) -14(8) 
J' 0.461 0.543 0.202  -1(3) -8(4) -6(6) 
PFG proportion        
C3_total 0.765 0.047 0.013  -4(3) 0(7) 3(5) 
C4_grass 0.785 0.002 <0.001   24(38) -2(46) -24(10) 
C3_total vs. C4_total 0.520 0.005 0.017  5(14) 24(21) 20(23) 
C3_grass vs. C4_grass 0.959 0.012 <0.001   -5(7) 10(20) 18(18) 
Grass 0.589 <0.001 0.345  15(19) 21(12) 5(5) 
Forb  0.638 0.003 0.510   -11(17) -16(6) -5(4) 
Legume vs. Forb 0.483 0.713 0.891  -50(256) -78(469) -84(389) 
Dominant species abundance (%Cover)        
Microlaena stipoides (31%) 0.529 0.298 0.186  8(18) 18(27) 15(23) 
Pratia purpurascens (14%) 0.131 0.003 0.138   65(38) 12(27) 72(2) 
Cynodon dactylon (8%) 0.405 0.158 0.380  104(81) 47(51) 48(36) 
Commelina cyanea (7%) 0.475 <0.001 0.905   42(23) 20(44) 4(49) 
Hydrocotyle peduncularis (4%) 0.509 0.620 0.404  -93(198) -88(785) -82(1152) 
Paspalidium distans (4%) 0.614 0.004 0.033   -29(235) -78(743) -74(287) 
Magnitude of yearly shift     Year0-1 Year1-2  
All species 0.9501 <0.001 0.3909  3(10) -6(10)  
Plant function group 0.5717 0.004 0.0219   -24(2) 13(29)   
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Fig. 3.2 Temporal changes of abundance of the six dominant species representing 70% of the 
total species abundance (Mean + 1.SE, n = 3). 
Dominant species 
Eighty species were found in total at the field site over the study period, but six species 
represented 70% of the total species abundance: Microlaena stipoides (C3_grass), Pratia 
purpurascens (Forb), Cynodon dactylon (C4_grass), Commelina cyanea (Forb), Hydrocotyle 
peduncularis (Forb) and Paspalidium distans (C4_grass). Repeated-measures ANOVAs 
generally showed little evidence of CO2 effects on these dominant species, except a 
significant CO2 x Year interaction for P. distans (F2, 44 = 3.70, P < 0.05). While its abundance 
hardly changed in ambient rings throughout the study period, it decreased in eCO2 rings, 
resulting in a decrease in CO2 response ratios in Year1 and Year2 (Fig. 3.2, Table 3.2). 
Substantial annual changes in abundance of P. purpurascens (Year: F2. 44 = 6.52, P < 0.01) 
and C. cyanea (Year: F2. 44 = 32.80, P < 0.001) were found (Table 3.2).   
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Fig. 3.3 Temporal changes in proportions of plant functional groups (PFGs; Mean + 1.SE, n 
= 3). Standard errors were estimated using non-parametric bootstrap. 
Relative abundance of contrasting plant functional groups 
Repeated-measures ANOVAs showed that there was significant Year (F2, 43 = 3.05, P < 
0.05) and CO2 x Year (F2, 43 = 4.52, P < 0.05) effects on the proportion of C3 species (C3_total; 
sum of C3_grass, Legume, Forb and woody-plants) in terms of total abundance (Table 3.2). 
Whilst the proportion of C3 species decreased with year in ambient rings, it hardly changed in 
eCO2 rings. Consequently, CO2 response ratios increased with year (Fig. 3.3, Table 3.2), 
indicating a small but consistent increase in the proportion of C3 species in eCO2 compared to 
ambient rings over the first two years of CO2 fumigation, despite a lack of significant 
treatment effect in each year.  
There were significant Year (F2, 43 = 7.07, P < 0.01), and CO2 x Year (F2, 43 = 9.99, P < 
0.001) effects on the proportion of C4_grass overall, with CO2 effects in the opposite direction 
compared to the proportion of C3 species. Whilst the proportion of C4 grasses increased in 
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Year1 and Year2 compared to Year0 in ambient rings, it hardly changed in Year1 and 
decreased in Year2 in the eCO2 rings (Fig. 3.3). This resulted in a decrease in CO2 response 
ratios over the three years (Table 3.2), with a particular treatment effect in Year2. Not 
surprisingly, repeated-measures ANOVAs showed that there were significant Year and CO2 x 
Year effects on the proportion of C3_grass amongst the grass community (CO2 x Year: F2, 43 = 
11.90, P < 0.001), and on the proportion of C3_total in terms of the sum of C3 and C4 plants 
(CO2 x Year: F2, 44 = 4.96, P < 0.05; Table 3.2). 
Repeated-measures ANOVAs showed no evidence of CO2 effects on the proportion of 
grasses or forbs (i.e. sum of Legume and Forb) in the total abundance, but there were 
significant year-to-year changes in both groups (Table 3.2). There was no evidence of CO2 
effects on the proportion of legumes in forb species (i.e. Legume vs. Forb).  
 
Magnitude of inter-annual change in the plant community 
There was no evidence of CO2 effects on the dissimilarity in species composition between 
years (Fig. 3.4, Table 3.2). Repeated-measures ANOVA showed a significant Year effect (F1, 
22 = 53.47, P < 0.001) and a substantial decrease in dissimilarity from Year0–Year1 to 
Year1–Year2, driven by a lack of spring forb species in the later Year1 and Year2 surveys. 
Repeated-measures ANOVA also revealed Year (F1, 22 = 10.28, P < 0.01) and CO2 x Year (F1, 
22 = 6.08, P < 0.05) effects on dissimilarity indices for PFG composition. The dissimilarity 
between Year0 and Year1 in eCO2 was 24±2% lower than that in ambient rings (Fig. 3.4, 
Table 3.2), indicating that PFG composition shifted less in eCO2 compared to ambient rings.  
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Fig. 3.4 The magnitude of year-to-year changes in species and PFG compositions between 
Year0 and Year1 (Year0-1) and Year1 and Year2 (Year1-2) evaluated by Euclidean 
dissimilarity (Mean ± 1.SE, n = 3). 
3.4.2 Multivariate analysis 
 
Species composition 
I performed redundancy analysis (RDA) on species composition for each year separately. 
This showed a negative adjusted R squared value (R
2
a) when the single CO2 term was fitted in 
all of the survey years, indicating no evidence of CO2 effects on species composition (Table 
3.3). However significant associations between species composition and environmental 
variables were found, especially in Year0. A parsimonious model for Year0 showed total soil 
C and moisture as significant predictors of plant community composition, explaining 39% of 
the total variation. Associations between species composition and environmental variables 
were less obvious in Year1 and Year2 with marginally significant P values (P < 0.1). 
Although the full Year1 model - with moisture, soil pH and understorey PAR- was 
marginally significant, explanatory variables were removed during model simplification. In 
Year2, total soil C was the only predictor (P < 0.1) in the parsimonious model, explaining 
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29% of the total variation. Thus, RDA identified total soil C and moisture as strong predictors 
of plant species composition; hence those variables and Year were fitted as predictors to the 
full 3-year result using RDA, visualising the pattern of species composition on a biplot (Fig. 
3.5). This showed that FACE rings spread along the 1
st
 RDA axis (RDA1) that accounted for 
18% of the total variation in the community. This axis was strongly associated with soil total 
C and moisture. Between-year changes were more strongly associated with the 2
nd
 RDA axis 
(RDA2), accounting for 12% of the total variation. 
 
 
Fig. 3.5 Biplot of redundancy analysis (RDA) for species composition. Variation explained 
by 1
st
 and 2
nd
 RDA axes (RDA1 and RDA2) are shown within parentheses. Each point 
depicts individual FACE rings for each year, with a line connecting the same ring.  
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Table 3.3 Summary of redundancy analysis (RDA) for species and plant functional group 
compositions for each year. Adjusted R squared values (R
2
a) for the terms that were used to 
construct full models are shown in bold. Full models were simplified following forward 
selection of explanatory variables, resulting in a parsimonious model. Removed variables 
were shown as ‘rm’. Degrees of freedoms for F tests used for permutation tests are shown 
within parentheses. Statistical significance of models and explanatory variables are indicated 
as follows: P < 0.1 (†), < 0.05 (*), < 0.01 (**) and < 0.001 (***). The significance of full and 
final (parsimonious) models is shown alongside R
2
a values. 
Species composition 
 
Year0 
 
Year1 
 
Year2 
 
Single 
term R
2
a 
Parsimonious 
model 
 
Single 
term R
2
a 
Parsimonious 
model 
 
Single 
term R
2
a 
Parsimonious 
model 
Variables F(1, 3) P 
 
F P 
 
F(1, 4) P 
CO2 <0 - -  <0 - -  <0 - - 
Total C 0.029 2.67 **  0.035 - -  0.101 1.56 † 
Moisture 0.131 3.34 **  0.088 rm  0.094 rm 
pH 0.128 rm  0.062 rm  0.068 rm 
Depth of 
HL 
0.016 rm  0.027 - -  0.045 - - 
PAR 0.022 - -  0.055 rm  <0 - - 
Temp 0.032 - -  <0 - -  0.01 rm 
 
Full 
Model 
Parsimonious 
model 
 
Full 
Model 
Parsimonious 
model 
 
Full 
Model 
Parsimonious 
model 
Model R
2
a 0.548* 0.387**   0.293† NA   0.478* 0.101† 
            Plant Functional Group composition 
 
Year0 
 
Year1 
 
Year2 
 
Single 
term R
2
a 
Parsimonious 
model 
 
Single 
term R
2
a 
Parsimonious 
model 
 
Single 
term R
2
a 
Parsimonious 
model 
Variables F(1, 4) P 
 
F(1, 4) P 
 
F(1, 4) P 
CO2 <0 - -  <0 - -  <0 - - 
Total C <0 - -  <0 - -  <0 - - 
Moisture 0.092 rm  <0 - -  0.11 rm 
pH 0.538 6.81 *  0.387 4.15 †  0.466 5.35 * 
Depth of 
HL 
0.062 rm  <0 - -  <0 - - 
PAR <0 - -  <0 - -  <0 - - 
Temp <0 - -  <0 - -  0.292 rm 
 
Full 
Model 
Parsimonious 
model 
 
Full 
Model 
Parsimonious 
model 
 
Full 
Model 
Parsimonious 
model 
Model R
2
a 0.618† 0.538*   0.387† 0.387†   0.470† 0.466* 
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Fig. 3.6 Triplot of redundancy analysis (RDA) for the composition of plant functional groups 
(PFGs). Since only one predictor was fitted (i.e. soil pH), there was only one RDA axis 
(RDA1); the 1
st
 axis principal component analysis (PC1) values are used as the y axis. 
Variation explained by RDA1 and PC1 are shown within parentheses. Each point depicts 
each FACE ring for each year, with a line connecting the same ring. Scores for each PFG are 
shown with green arrows. 
Plant functional group composition 
I also analysed PFG composition in the same way as above by performing RDA for each 
year separately. This showed a negative R
2
a when the CO2 term was fitted to models for all of 
the survey years, indicating no evidence of CO2 effects on PFG composition (Table 3.3). 
Only soil pH was found to have a significant association with PFG composition among the 
environmental variables. Hence, soil pH and Year were fitted to the whole 3-year result of 
PFG composition using RDA. Year, however, was found to be non-significant and only 
explained <1% of the total variation; hence it was removed from the full model. The whole 
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pattern is visualised on a triplot (Fig. 3.6). This showed that the 1
st
 axis of RDA (RDA1) 
accounted for 38% of total variation in PFG community, driven by soil pH and highly 
associated with legume abundance. 
 
3.5 Discussion 
There was no distinctive differentiation in the understorey community of a Eucalyptus 
woodland between CO2 treatments during the first two years of CO2 fumigation. However 
eCO2 influenced the direction of year-to-year shifts in the plant community; eCO2 decreased 
evenness and diversity, and was also associated with higher C3:C4 ratios compared to ambient 
treatment over the study period. 
 
Plant functional group composition 
An increase in C3:C4 ratios at eCO2 relative to ambient treatment was mainly attributed to 
decreased C3:C4 ratios under ambient treatment in Year1 (Jan 2013), with an increase in a 
proportion of C4 grasses and associated decrease in that of C3 species. Although a lack of 
spring forb species (i.e. C3 species) in the summer surveys in Year1 and Year2 is likely to 
have in part contributed to the observed increase in C4 proportion in ambient rings, an 
increase of C3:C4 ratios was also observed only for grass species in eCO2 relative to ambient 
rings, indicating that eCO2 could drive changes in C3:C4 ratios.  
This is consistent with the general hypothesis that eCO2 favours C3 over C4 plants as 
many controlled-chamber studies demonstrate that productivity responses of C3 plants to 
eCO2 are larger than those of C4 plants (Poorter & Navas, 2003; Wand et al., 1999). A similar 
trend is reported in some in situ grassland studies in the USA. For instance, in a native 
mixed-prairie in Wyoming, eCO2 increased stand productivity, with C3 grasses increased to a 
greater extent than C4 grasses during 4-years of CO2 fumigation using FACE (Morgan et al., 
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2011). In a Texas grassland, although no obvious difference in plant species composition 
between CO2 treatments was found, eCO2 accelerated the succession of the community from 
a C4 grass-dominant towards a C4 grass and C3 forb co-dominant grassland during 4-years of 
CO2 fumigation using elongated filed-chambers (Polley et al., 2003). Furthermore, in a 
Colorado shortgrass steppe, eCO2 increased stand productivity, particularly one of the 
dominant C3 grasses (Stipa comata), leading to a shift of the plant community towards a 
larger C3 proportion after 5-years of CO2 fumigation using OTCs (Morgan et al., 2001; 
Morgan et al., 2004a). However, this does not seem to be a universal trend. For example, 
there was no evidence of eCO2 effects on the plant community in a Kansas tallgrass prairie 
after 8-years of CO2 fumigation using OTCs (Owensby et al., 1993; 1999). Also Williams et 
al. (2007) found eCO2-induced decreases in population growth rates of dominant C3 grasses, 
with no obvious effect on the dominant C4 grasses in a native grassland using FACE after 3-
years of CO2 fumigation. 
An increase in a proportion of C4 plants in ambient rings observed in the present study 
may have been caused by warmer temperature in Year1 and Year2 compared to Year0 (Table 
3.1). Notably, the mean annual air temperature in 2013 (Year1; 25.2 ℃) and 2014 (Year2; 
25.0 ℃) were highest on record in the past 21 years in the study region (cf. 24.0 ℃ in 2012; 
Station 067105, Australian Government, Bureau of Meteorology, http://www.bom.gov.au/). 
In general C4 plants are able to assimilate CO2 more efficiently than C3 at higher 
temperatures (Ehleringer et al., 1997). Accordingly temperature is often identified as one of 
the most important determinants of spatiotemporal distribution of C4 species in a wide range 
of grasslands (Auerswald et al., 2012; Edwards & Still, 2008; Hattersley, 1983; Wittmer et 
al., 2010). Thus, C4 species may have been favoured over C3 species in Year1 and Year2 
compared to Year0 in ambient rings. In eCO2 rings, on the other hand, CO2 fertilisation 
probably favoured C3 species and enhanced their competitiveness against C4, resulting in a 
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relatively little shift of PFG composition compared to that in ambient rings (Sage & Kubien, 
2003). This was also indicated in Morgan et al. (2011)’s study using FACE, reporting that, 
whilst eCO2 increased C3 grasses to a greater extent than C4, warming increased C4 species in 
a semi-arid grassland during 4-years of CO2 fumigation.  
Dominant species did not seem to largely contribute to the observed year-to-year shifts of 
the PFG composition in the present study, apart from P. distans (perennial C4 grass). The 
relative abundance of this species decreased in eCO2 compared to ambient rings. 
Nevertheless, it contributed to only 4% of the total plant abundance and 24% of the total C4 
abundance. Thus the observed trend of C3:C4 ratios is likely to have resulted from an overall 
shift in relatively low-abundance species (Fig. S1), leading to an overall shift in PFG 
composition towards greater abundance of C3 species compared to C4 under eCO2. 
 
Species composition 
A substantial change in plant species composition was observed between Year0 and the 
subsequent two years, but there was no obvious difference in the particular species causing 
this year-to-year shift between CO2 treatments. The large shift in species composition was 
most likely due to a lack of spring forb species in the summer surveys in Year1 and Year2 
and, is not, therefore, surprising, although the remarkably-high temperatures in Year1 and 
Year2 as mentioned above may have also in part contributed to this shift. Diversity decreased 
over time in eCO2, whereas it hardly changed in ambient rings. This was probably driven by 
an increased abundance of some of C4 species (e.g. Axonopus fissifolius, Fimbristylis 
dichotoma and Cymbopogon refractus) and a few other relatively low-abundance species (e.g. 
Breynia oblongifolia, Bursaria spinosa, Hypoxis hygrometrica, and Tricoryne simplex) in 
ambient rings, with relatively little change in dominant species (Fig. S1). Those species that 
increased in Year1 and/or Year2 were present only at low abundance in Year0, such that 
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increases in those species increased evenness, thus driving increased diversity in ambient 
rings.  
Negative effects of eCO2 on species diversity conflict with some studies at grasslands 
reporting eCO2-induced increases in species richness/evenness and, accordingly, diversity 
(He et al., 2002; Leadley et al., 1999; Niklaus et al., 2001; Potvin & Vasseur, 1997; Reich, 
2009). Those studies attributed the increased diversity to eCO2-induced alleviation of low 
resource availability, especially water. This enhanced competitiveness of minor species 
against dominants, supported coexistence of species, and thus increased evenness. This, 
however, was not the case in our study as no obvious difference was found in moisture or 
light conditions between CO2 treatments (Table 3.1).  
On the other hand, the detailed analysis of soil nutrient cycling at the study site (see 
Chapter 2) provided evidence of eCO2-induced increases in nutrient availability, although this 
in itself may not necessarily influence species richness or diversity. Reich (2009) found a 
positive correlation between species richness and eCO2- induced increase in soil C:N ratios. 
In their study, it was suggested that eCO2-associated reductions in soil N availability allowed 
minor species to compete and coexist with dominant C3 species. He et al. (2002) reported that 
eCO2 decreased the abundance of dominant C4 species and thus increased evenness and 
diversity. Effects of eCO2 on species diversity thus seem to depend strongly on how eCO2 
directly or indirectly affects dominant and minor species. In our study, warmer temperatures 
in Year1 and Year2 appeared to favour minor C4 species, allowing them to compete more 
strongly against dominant C3 species in ambient rings. Under eCO2, on the other hand, any 
advantage of warmer temperatures for C4 species were compensated by positive effects of 
CO2 fertilisation on C3 species, resulting in decreased species diversity compared to ambient 
treatment.  
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Association with environmental variables 
A large proportion of the total variation in the plant community was attributed to high 
spatial heterogeneity across the field site at the beginning of the study, with strong 
associations with soil conditions, particularly soil moisture. Precipitation, or soil water 
availability, is indeed one of the most important determinants of plant communities 
(Auerswald et al., 2012; Breshears & Barnes, 1999; Paruelo & Lauenroth, 1996; Yang et al., 
2011). Accordingly, eCO2-induced alteration of soil moisture has often been reported as an 
important driver of community changes under future climate (Morgan et al., 2004b; Niklaus 
et al., 2001). In our study, however, soil moisture did not differ between CO2 treatments 
during 2-years of CO2 fumigation, and thus cannot explain any of the differences in species 
composition between treatments. The association between species composition and soil 
conditions were generally stronger in Year0 compared to that in Year1 and Year2. Firstly, 
this may be because spring forb species were recorded in Year0, which may have captured a 
better picture of the whole pattern of the plant community. Secondly, Year1 and Year2 were 
generally drier and spatial variation in moisture was smaller compared to Year0, so that 
moisture was unable to effectively explain the pattern of species composition inherited from 
Year0. Also statistical power of RDA was limited due to the small sample size (N = 6) and 
associated restricted number of permutation (i.e. 720; Legendre & Legendre, 2012). 
Interestingly, PFG composition was more strongly associated with soil pH than total soil 
C and moisture. RDA suggested a strong, positive association between soil pH and legume 
abundance. Soil pH is highly influenced by plant-soil interactions, and both increases and 
decreases in soil pH have been reported in association with legumes, depending on soil types 
and plant species (e.g. Hinsinger, 2001; Shen et al., 2004). Although direct measurements of 
legume abundance and adjacent rhizosphere pH are required to draw a conclusion, some 
legumes seem to increase rhizosphere pH in nutrient-limited acidic soils as the trend observed 
 90 
 
in the present study (Bagayoko et al., 2000; Muofhe & Dakora, 2000; Tang et al., 1999; Tang 
& Yu, 1999).  
 
Conclusion 
Taken together, eCO2 influenced understorey plant community dynamics during the first 
two years of CO2 fumigation, with a greater dominance of C3 species and a decrease in 
overall species richness and diversity compared to ambient treatment. This is the first study 
ever to investigate understorey community responses to eCO2 in a mature Eucalyptus 
woodland. Two-years of CO2 fumigation has not resulted in distinctively different 
understorey communities and a long-term study is indeed required. Initial results do, however, 
suggest that increased CO2 concentrations could drive changes in woodland understorey plant 
communities and lead to shifts in ecosystem function. 
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4 Investigation into the effects of 
elevated temperature on soil nutrient 
cycling in relation to growth of 
Eucalyptus tereticornis trees using 
whole-tree chambers 
4.1 Abstract 
The Earth’s average surface temperature is projected to increase by 1.8-4.0 ℃ in the next 
century. This is expected to have substantial impacts on biogeochemical processes in 
terrestrial biomes. Herein, I investigated the effects of elevated temperature (eTemp; Ambient 
+3 ℃) on nitrogen (N) and phosphorus (P) cycling under growing 3-weeks-old Eucalyptus 
tereticornis trees using whole-tree chambers (ϕ = 3.25 m, h = 9 m) from February 2013 to 
February 2014 in NSW, Australia. eTemp significantly increased net P mineralisation rates 
and ion exchange membrane (IEM)-adsorbed phosphate by 98 and 86%, respectively. It also 
significantly increased dissolved organic carbon (DOC) in soil solution by 32% through the 
experiment and by 51% after October 2013 (Spring-Summer). Although overall N 
concentrations increased in warmer months, eTemp had no significant effect on (but 
generally decreased) N mineralisation rates (-33%) and seasonally-dependent negative effects 
on N availability, with significant decreases observed in January 2014 for IEM-adsorbed 
nitrate (-56%) and ammonium (-13%). These results suggest that eTemp could increase DOC 
supply to the soil especially in warm and wet seasons, resulting from eTemp-stimulated 
photosynthesis. This could enhance microbial activity and associated demand for soil 
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nutrients. eTemp-stimulated microbial activity could increase decomposition of organic 
matter and supply available P into the soil. On the other hand, increases in nutrient uptake by 
plants and microbes could decrease soil N availability. Increased P availability could 
potentially support long-term eTemp-stimulation of plant growth and enhance C 
sequestration. However, eTemp-induced progressive reduction of N availability may 
eventually lead to constraint on plant growth, although no N limitation was indicated during 
the study period. 
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4.2 Introduction 
Global warming and associated climate extremes caused by an increase in anthropogenic 
greenhouse gases have been widely reported. The Earth’s average surface temperature has 
increased by 0.76 ℃ since pre-industrial times and is projected to increase by a further 1.8-
4.0 ℃ in the next century (IPCC, 2013). Predicted changes in temperature are expected to 
have substantial impacts on biogeochemical processes within ecosystems, via directly and 
indirectly altering plant and microbial activity, and associated nutrient cycling. Elevated 
temperatures (eTemp) have long been known to stimulate plant assimilation rates (Berry & 
Björkman, 1980; Farquhar et al., 1980) and increase plant growth and arguably net primary 
productivity (NPP) in terrestrial biomes (Luo et al., 2009; Norby & Luo, 2004; Wu et al., 
2011). Higher temperatures are also associated with enhanced root and microbial respiration, 
accelerated decomposition of soil organic matter (SOM) and associated increases in nutrient 
turnover rates (Boone et al., 1998; Fang & Moncrieff, 2001; Larionova et al., 2007; Liu et al., 
2009; MacDonald et al., 1995; Rustad et al., 2001). Furthermore, there are reports that 
microbial priming, in which labile carbon (C) supply via plant roots or root exudates 
stimulates microbial decomposition of SOM, is enhanced by warming (Zhu & Cheng, 2011). 
Despite many studies, the prediction of future climate is challenging due to great 
uncertainty in global C responses as eTemp could increase ecosystem C gain by enhancing 
NPP but also increase C loss by enhancing soil respiration (Kirschbaum, 2000; Pendall et al., 
2004). Soil nutrient status has become increasingly important as a major determinant of the 
impacts of climate change on NPP, soil respiration and plant-microbe interactions. For 
instance, many studies report that soil nitrogen (N) availability greatly influences productivity 
responses to increased atmospheric CO2 concentrations (de Graaff et al., 2006; Norby & Zak, 
2011; Reich et al., 2006b). Soil nutrients could also change stoichiometry (C:N:P ratios) and 
C allocation into above- and below-ground parts of plant tissues; many studies suggest that 
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this could alter the temperature sensitivity of root respiration (Burton et al., 2002) and 
microbial decomposition of SOM (Billings & Ballantyne, 2013; Keith et al., 1997a; Keith et 
al., 1997b). 
The effects of warming on soil N availability and mineralisation rates have been well 
studied in the past few decades. A review by Rustad et al. (2001) concludes overall positive 
effects of eTemp on N turnover rates; this is generally consistent with more recent studies 
conducted in grasslands and forests (e.g. Boczulak et al., 2015; Dijkstra et al., 2010; Dijkstra 
et al., 2012; Larsen et al., 2011; Turner & Henry, 2010). Most of those studies reporting the 
impacts of warming or other projected climate changes have been carried out in Europe and 
the USA where N is the main nutrient limiting NPP. However, in much of the the ancient, 
highly weathered soils of the Southern Hemisphere and throughout the tropics, low 
availability of phosphorus (P), or co-limitation by both N and P, restrict NPP (Vitousek et al., 
2010; Walker & Syers, 1976; Wang et al., 2010). Furthermore, there is a growing body of 
evidence suggesting that P limitation and NP co-limitation are now widespread across the 
globe (Cleveland & Townsend, 2006; Elser, 2012; Elser et al., 2007; Elser et al., 2012; 
Menge & Field, 2007; Wang et al., 2010). Although there are some recent studies predicting 
serious constraints on terrestrial NPP and C storage in the future under NP co-limitation using 
global C models (e.g. Reed et al., 2015; Wieder et al., 2015; Zhang et al., 2014a), some 
models are built on the basis of untested assumptions, highlighting the pressing need to 
obtain empirical evidence for how the coupling between C, N and P cycles works in the field 
and to include dynamic measures of soil P status in land-surface models. Although there are 
some studies reporting the effects of increased CO2 concentrations on soil P cycling (e.g. 
Khan et al., 2010; Lagomarsino et al., 2008), very few studies have examined the effects of 
warming to date (e.g. Dijkstra et al., 2012; Zhang et al., 2014b).  
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Fig. 4.1 Picture of whole-tree chambers (WTCs) installed in the Hawkesbury Forest 
Experiment. 
Given the importance of soil nutrient availability for plant growth, including responses to 
elevated CO2, understanding the effects of eTemp on soil nutrient cycling is crucial for 
predicting future impacts of climate change on terrestrial ecosystems and associated 
feedbacks to the global C cycle. This chapter presents results of a study undertaken as part of 
the whole-tree chamber (WTC; Fig. 4.1) experiment established at the Hawkesbury Forest 
Experiment in Australia that had the wider aim of investigating above- and below-ground 
ecosystem responses to eTemp (e.g. CO2 and water fluxes).  
This chapter particularly focuses on the effects of warming on N and P cycling under 
growing Eucalyptus tereticornis. Herein, I will test the following hypotheses: 
1) eTemp will increase dissolved organic C (DOC) in the soil solution. 
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Rationale: Warming will enhance plant photosynthetic rates, and thereby plant will 
invest more C belowground to acquire more nutrients from the soil and to sustain 
stimulated growth rates. 
2) eTemp will stimulate inorganic N and P turnover rates and increase their availability. 
Rationale: The above eTemp-induced increases in DOC will enhance priming and 
decomposition of SOM, stimulating nutrient turnover rates and availability. 
 
4.3 Methods 
 
4.3.1 Whole-tree chambers (WTCs) 
A detailed description of the WTC system employed in the present study is available in 
Barton et al. (2010) and Medhurst et al. (2006). Briefly, a WTC comprises an aluminium 
frame (3.25 m diameter, 9 m height), covered with ultra-thin ethylene-tetraﬂuroethylene 
(ETFE) copolymer ﬁlm (F-Clean, AGC Singapore Chemicals Pty.Ltd.; Fig. 4.1). A root 
barrier was installed down to the impermeable layer (1 m deep), made of heavy duty 
polyethylene (300 μm thick). Twelve WTCs were used at the Hawkesbury Forest Experiment 
(HFE) near Richmond in New South Wales, Australia (33
o36’S, 150o44’E); six received 
ambient treatment and the remaining six received eTemp treatment (ambient +3 ℃). The 
chambers were laid out on a rectangular grid (3 x 4), with adjacent ones receiving different 
temperature treatments. A temperature profile probe (Th3-v, UMS, Germany) and water 
content reflectometers (CS650, Campbell Scientific, Australia) were installed within each 
chamber, to record soil temperature at depths of 5, 10, 20, 30, 50 and 100 cm and soil 
moisture at a depth of 5-30 cm, every 15 minutes.  
Air volume of a WTC was ca. 50 m
3
, with a continuous fresh air supply at a rate of 36 m
3
 
h
-1
. Air temperature and humidity in WTCs were controlled by circulating the WTC air 
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through large-surface area heat exchanger within a cooling unit installed directly outside each 
chamber. A coolant (glycol/water solution at 1-2 ℃ below the dew-point temperature of the 
atmospheric air) circulated within the heat exchanger, where the WTC air was cooled before 
re-entering the chambers and excess moisture resulting from plant transpiration was removed 
and measured following condensation. Warming in eTemp chambers was achieved by two 
mechanisms: 1) reducing the amount of the WTC air passing through the heat exchanger and 
2) using two heating elements. The latter was switched off under high light intensity where 
radiation was sufficient to increase air temperature inside the chambers to the target value. 
The soil used in the WTCs was collected from a local paddock at two discrete depths - 0-
25 cm and 25-100 cm, and installed in these separate layers, to preserve topsoil/subsoil 
integrity on 10
th
 July 2012. The soil was a loamy sand Chromosol of the Clarendon 
Formation (Barton et al., 2010; Isbell, 2002) and a mean soil pHH2O of 5.3 (0-15 cm). Mean 
soil total N and P are 371 and 108 mg kg
-1
, respectively, and total C content is 0.49 % (0-15 
cm).  
Six 25 L pots with 3-weeks-old Eucalyptus tereticornis seedlings were placed in each 
chamber on 5
th
 December 2012, to acclimate to chamber conditions. Temperature treatments 
began on 12
th
 December 2012. After 14 weeks (18
th
 March 2013), one of these was selected 
on the basis of its size so the variation in tree size between chambers within each treatment 
was minimised, and installed in the ground in each chamber. A clear PVC ﬂoor (400 µm 
thick) was placed 45 cm above the ground surface on 9
th
 September 2013 in order to isolate 
soil and plant CO2 fluxes. The present study was conducted for one year until the trees nearly 
reached the WTC ceiling (ca. 9 m height) in February 2014. WTCs were watered every 15 
days with 50% of the mean monthly precipitation. 
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4.3.2 Field sampling 
Field sampling and associated processing and analysis of soil samples followed the same 
procedures employed in Chapter 2 with slight modifications, and detailed descriptions are 
available in that chapter. Briefly, two soil cores (4 cm diameter, 0-10 cm depth) were 
sampled in each chamber, every three months from January 2013. On the same day of soil 
sampling, polyvinyl chloride (PVC) tubes (4 cm diameter, 15 cm length) were also installed 
right next to each sampling location to a depth of 10 cm to evaluate in situ net N and P 
mineralisation rates. After three months of incubation in the ground, tubes were removed and 
the incubated soil was collected for analysis. New incubation cores were installed every three 
months for a total sampling period of one year. A total of 48 soil samples (i.e. 24 initial soil 
core samples and 24 incubated soil samples) were collected quarterly, from January 2013 to 
February 2014. Since an additional treatment (drought) was introduced to the WTCs from 
March 2014, the final soil sampling for our study was conducted in February 2014, resulting 
in one month of incubation period for the last sampling event. 
 
4.3.3 Plant accessible inorganic N and P – Ion exchange resin membrane (IEM) 
Ion exchange resin membranes (IEM; VWR International, Radnor, Pennsylvania, USA) 
were used to assess nitrate (NO3
-
), ammonium (NH4
+
) and phosphate (PO4
3-
) availability. 
Two anion exchange membranes (AEM; 1 cm x 12.5 cm) and one cation exchange 
membrane (CEM) were inserted into the soil (0-10 cm deep) at three locations within each 
chamber. Membranes were incubated in situ for two month periods between July 2013 and 
February 2014. Then, IEMs were extracted for NO3
-
 and NH4
+
 using 2M KCl and for PO4
3-
 
using Bray 1-P extraction with 0.03M NH4F, as described in Chapter 2. Concentrations of 
NO3
-
, NH4
+
 and PO4
3-
 were analysed by automated colorimetry (AQ2 Discrete Analyzer, 
SEAL Analytical, USA). After extraction, the surface areas of IEM strips were computed 
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using ImageJ 1.46 (Wayne Rasband, National Institutes of Health, USA), in order to express 
ion concentrations per unit membrane area. The ratios of plant available N and P were 
determined as ratios of total N (NO3
-
 + NH4
+
) to PO4
3-
 concentrations. Since IEMs were not 
available at the beginning of this study, plant accessible inorganic nutrients were not 
measured during the first six months (February – July 2013). 
 
4.3.4 Extractable soil inorganic N and P pools, and N and P turnover 
NO3
-
 and NH4
+
 were extracted using 2M KCl, and PO4
3-
 was extracted by Bray 1-P 
extraction. Extracts were analysed using the SEAL AQ2 Discrete Analyzer as before, with 
results expressed on a mass of oven-dry soil basis. Net nitrification and N and P 
mineralisation rates were determined as the change in NO3
-
, total N (NO3
-
 + NH4
+
) and PO4
3-
 
concentrations between core installation (T0) and removal three months later (T3-months).  
 
4.3.5 Dissolved inorganic N, P and organic C in soil solution 
Dissolved organic C (DOC) and inorganic N and P in soil pore solution were collected 
using suction lysimeters (1900 Soil Water Sampler, Soil moisture Equipment Corp, USA). 
They were installed at two opposite locations within each chamber with an angle of ≈50o to 
the ground so that the ceramic cup was placed within 1 m from the centre of the chamber. 
They were installed at two depths for each location within each chamber. The first lysimeter 
was installed with the ceramic cup located in the upper soil layer (10-15 cm), hereafter 
referred to as “shallow”. The second lysimeter was installed immediately above the 
impermeable layer, at a depth of 70-100 cm, hereafter referred to as “deep”.  
Soil solution was sampled monthly, immediately filtered (0.22 µm, SLGP033RB, Merck 
Millipore, USA) and stored at ≈-20 ℃. Concentrations of NO3
-
, NH4
+
 and PO4
3-
 were 
analysed using the AQ2 Discrete Analyzer (described above), and DOC was analysed using a 
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total organic C analyzer (TOC-L CPH/CPN, Shimadzu Scientific Instruments, New South 
Wales, Australia) using the TOC-IC method. 
 
4.3.6 Statistical analysis 
In this analysis, the unit of treatment replication is the chambers (n = 6). Before analysis, 
within-chamber replicates (i.e. n = 3 per chamber for IEM, n = 2 for soil extractable nutrients, 
mineralisation rates and soil solution nutrients) were averaged for each sampling event and 
resulting mean values were used. The effects of eTemp on nutrient concentrations and 
turnover rates were assessed using linear mixed-effects models (LMM), for which chamber 
was a random factor. Repeated-measure analysis of variance (ANOVA) was first performed 
with Temperature treatment (Temp), Time and Temp x Time interaction as fixed factors to 
determine the effects of temperature treatment, variation over time and interactions between 
the two. Where a significant Temp x Time interaction was indicated, a priori contrasts were 
performed by single-degree-of-freedom comparisons using ‘contrast’ package in in R 3.1.2 
(Crawley, 2012; Kuhn et al., 2013; R Core Team, 2014) for each sampling event. The first 
sampling events for soil extractable and soil solution nutrients were conducted before plants 
were installed in the ground within chambers on 18
th
 March 2013. Hence, where there was no 
Temp x Time interaction but a Temp effect, repeated-measures ANOVAs were re-performed 
following the removal of these measurements, since they had not received eTemp with plants. 
They were also removed before computing treatment effects [(𝑥𝑒𝑙𝑒𝑣/𝑥𝑎𝑚𝑏  − 1)  × 100 (%), 
where 𝑥𝑒𝑙𝑒𝑣  and 𝑥𝑎𝑚𝑏  are measurements at eTemp and ambient treatment, respectively]. 
Response variables were transformed (natural log, square root, cubic root or reciprocal) as 
required to ensure homogeneity of variances and normality of errors prior to analyses 
(Crawley, 2012; Fox & Weisberg, 2011). 
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Next, LMMs were undertaken with Temp and two covariates - soil temperature (Tsoil) 
and moisture (Moist) - and their interactions (Temp x Tsoil and Temp x Moist) as fixed 
factors in order to evaluate the role of seasonal soil conditions in responses to temperature 
treatment. This analysis is referred to as LMMcov, hereafter. Mean values of soil temperature 
and moisture were calculated for the relevant incubation periods for mineralisation rates and 
IEM-adsorbed nutrients, and for the relevant sampling intervals for extractable soil nutrients 
(i.e. three months) and soil solution (i.e. one month). For soil solution, only nutrient 
concentrations in the shallow layer were analysed with LMMcov. Response and explanatory 
variables were again transformed as required to meet model assumptions. Model fit was 
evaluated based on variance explained by only fixed factors and both fixed and random 
factors according to Nakagawa and Schielzeth (2013).  
P values were obtained for minimal adequate models by deleting non-significant (P > 0.1) 
factors from maximal models (Crawley, 2012), but given the relatively small number of 
treatment replicates (n = 6), marginally significant (P ≤ 0.1) factors were kept. Kenward-
Roger Degrees of Freedom Approximation was employed to estimate residual degrees of 
freedom for F tests in LMMs using the ‘lmerTest’ package in R 3.1.2 (Kenward & Roger, 
1997; Kuznetsova et al., 2014). All statistical analyses were performed using R 3.1.2. 
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Fig. 4.2 Temporal changes in soil moisture and temperature in the top 10 cm. The solid lines 
depict daily means; associated 95% confidence intervals (n = 6) are indicated by shading. The 
vertical dotted line indicates when plants were planted into chambers (18
th
 March 2013). 
4.4 Results 
 
4.4.1 Temperature treatment by WTCs 
An increase of air temperature by 3 ℃ raised soil temperature by approximately 2 ℃ in 
the top 10 cm (Fig. 4.2). eTemp treatment also increased soil moisture in the top 10 cm, with 
the annual means of 10.5 ± 0.2 and 11.9 ± 0.3% (Mean ± 1.SE, n = 6) in ambient and eTemp 
chambers, respectively (Fig. 4.2). The difference in moisture was more pronounced during 
warmer months (October 2013 – February 2014), with 9.7 ± 0.6 and 13.3 ± 0.9% in ambient 
and eTemp chambers, respectively. 
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4.4.2 Plant accessible inorganic N and P 
Repeated-measures ANOVA showed a significant Temp x Time interaction (Fig. 4.3a, F3, 
30 = 4.38, P < 0.05) and revealed seasonally-dependent effects of warming on IEM-adsorbed 
NO3
-
. Concentrations of NO3
-
 were 30% lower under eTemp compared to ambient over the 7 
month assessment period. Treatment effects seemed to increase with time, with statistically 
significant treatment differences in January 2014 (-56%, P < 0.01). IEM-adsorbed NH4
+
 
showed a similar trend to NO3
-
 concentrations with a significant Temp x Time interaction 
(Fig. 4.3b, F3, 30 = 5.35, P < 0.01). Linear-mixed effects models with covariates (soil moisture 
and temperature; LMMcov) showed that soil moisture was positively associated with NO3
-
 
concentrations (Table 4.1, P < 0.05). Interestingly, LMMcov also revealed a significant Temp 
x Tsoil interaction (P = 0.001), showing that NO3
-
 concentrations decreased in eTemp, but 
increased in ambient rings, with increasing soil temperature. Thus, increased temperature did 
not seem to additively influence NO3
-
 concentrations, but eTemp treatment also changed their 
temporal patterns associated with seasonal changes in soil temperature.  
Concentrations of NH4
+
 were 6% lower under eTemp compared to ambient over the full 
measurement period, with significant treatment effects apparent only on the last measurement 
occasion, in January 2014 (-13%, P < 0.001). LMMcov showed that soil temperature was 
positively associated with NH4
+
 concentrations (Table 4.1, P < 0.001), but they were 
significantly lower in eTemp than ambient chambers for a given soil temperature as indicated 
by significant differences in intercepts between treatments (Table 4.1, P < 0.01). Thus, NH4
+
 
concentrations increased in warmer months with higher soil temperatures in ambient 
chambers but, in contrast, decreased in eTemp chambers. 
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Fig. 4.3 Temporal changes in ion exchange resin membrane (IEM)-adsorbed (a) NO3
-
, (b) 
NH4
+
 and (c) PO4
3-
 (Mean ± 1.SE, n = 6). The vertical dotted line indicates when plants were 
planted into chambers (18
th
 March 2013). Where there is a significant Temp x Time 
interaction (P < 0.05), results of post-hoc comparisons between CO2 treatments for each 
month are shown above the relevant bars with the following significance codes: P < 0.05 (*), 
< 0.01 (**) and < 0.001 (***). 
eTemp significantly increased IEM-adsorbed PO4
3-
 by 86% over the measurement period 
compared to ambient chambers (Fig. 4.3c, F1, 10 = 6.25, P < 0.05), with the largest increase 
(221%) observed in August 2013. LMMcov showed a significant, positive correlation between 
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PO4
3-
 concentrations and soil temperature (Table 4.1, P < 0.001), indicating additive effects 
of seasonal warming and eTemp treatment.  
Although this was not statistically significant, eTemp decreased N:P ratios of IEM-
adsorbed nutrients by 52% over the assessed period. Treatment effects became larger over 
time with the biggest reduction by 79% compared to the ambient observed in January 2014. 
LMMcov revealed that N:P ratios were negatively associated with soil temperature (Table 4.1, 
P < 0.001). It also showed a significant Temp x Moist interaction (Table 4.1, P < 0.05), 
predicting that, whilst N:P ratios were not strongly related to soil moisture in eTemp, they 
were positively associated with moisture in ambient chambers. 
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Table 4.1 Summary of linear-mixed effects models of temperature treatment and soil variable 
effects (LMMcov) on ion exchange resin membrane (IEM)-adsorbed nutrients, soil extractable 
nutrients, turnover rates of inorganic N and P, and soil solution nutrients. Fixed factors are 
temperature treatment (Temp), soil moisture (Moist) and soil temperature (Tsoil), and their 
interactions (Temp x Moist and Temp x Tsoil). Degree of freedom for each explanatory 
variable is 1, with residual degrees of freedom referred to as DfRes. P < 0.1 is shown in bold, 
otherwise shown as ns (not significant). 
      Predictors 
Response variables   Temp Moist Tsoil TempxMoist TempxTsoil 
IEM 
NO3
-
 
F 3.63 4.40 0.60 - 12.58 
DfRes 13 39 40 - 39.00 
P 0.079 0.042 0.445 ns 0.001 
NH4
+
 
F 10.43 - 68.29 - - 
DfRes 13 - 36 - - 
P 0.007 ns <0.001 ns ns 
PO4
3-
 
F - - 54.65 - - 
DfRes - - 44 - - 
P ns ns <0.001 ns ns 
N:P ratios 
F 1.13 0.95 28.18 4.01 - 
DfRes 11 41 37 41 - 
P 0.309 0.336 <0.001 0.052 ns 
Soil extractable 
NO3
-
 
F - 3.03 10.11 - - 
DfRes - 55 52 - - 
P ns 0.087 0.002 ns ns 
NH4
+
 
F - 9.21 6.71 - - 
DfRes - 53 53 - - 
P ns 0.004 0.012 ns ns 
PO4
3-
 
F - 10.62 18.94 - - 
DfRes - 54 51 - - 
P ns 0.002 <0.001 ns ns 
Mineralisation 
N 
mineralisation  
F - - - - - 
DfRes - - - - - 
P ns ns ns ns ns 
Nitrification 
F - - - - - 
DfRes - - - - - 
P ns ns ns ns ns 
P 
mineralisation 
F 0.07 3.75 26.26 - 6.63 
DfRes 15 55 50 - 49 
P 0.794 0.058 <0.001 ns 0.013 
Soil solution 
(Shallow) 
NO3
-
 
F - - - - - 
DfRes - - - - - 
P ns ns ns ns ns 
NH4
+
 
F 0.46 2.12 26.63 6.36 - 
DfRes 12 102 98 102 - 
P 0.509 0.149 <0.001 0.013 ns 
PO4
3-
 
F - 4.18 8.46 - - 
DfRes - 103 98 - - 
P ns 0.044 0.004 ns ns 
DOC 
F 2.49 0.83 24.47 4.49 - 
DfRes 11 98 93 98 - 
P 0.142 0.365 <0.001 0.037 ns 
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Fig. 4.4 Temporal changes in KCl-extractable (a) NO3
-
, (b) NH4
+
 and (c) Bray-extractable 
PO4
3-
 (Mean ± 1.SE, n = 6). The vertical dotted line indicates when plants were planted into 
chambers (18
th
 March 2013). Where there is a significant Temp x Time interaction, results of 
post-hoc comparisons between CO2 treatments for each month are shown above the relevant 
bars with the following significance codes: P < 0.05 (*), <0.01 (**) and < 0.001 (***). 
4.4.3 Extractable soil inorganic N and P pool 
Although not quite statistically significant (P < 0.1), eTemp seemed to decrease KCl-
extractable NO3
-
 and NH4
+
 (Fig. 4.4a and b). Concentrations of NO3
-
 were higher by a factor 
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of 20 than those for NH4
+
, but those nutrients showed a similar relationship with eTemp. 
eTemp decreased concentrations of NO3
-
 and NH4
+
 by 41% and 28%, respectively, over the 
study period. Treatment effects became larger over time, with the biggest reductions (-62% 
for NO3
-
 and -42% for NH4
+
) compared to ambient treatment observed in February 2014. 
LMMcov also showed that soil moisture and temperature were strongly associated with NO3
-
 
and NH4
+
 concentrations. NO3
-
 concentrations were negatively associated with both moisture 
(P < 0.1) and temperature (P < 0.01). NH4
+
 concentrations, on the other hand, were positively 
associated with soil temperature (P < 0.05) as shown as an overall increase in warmer months. 
However, the concentrations were negatively associated with moisture (P < 0.01). As 
mentioned above, eTemp increased soil moisture, which might have caused lower NH4
+
 
concentrations in eTemp than ambient chambers.  
Repeated-measures ANOVA showed a significant Temp x Time interaction on 
concentrations of PO4
3-
 (Fig. 4.4c, F5, 50 = 2.51, P < 0.05) and, as for IEM-adsorbed nutrients, 
revealed seasonally-dependent effects of warming. The direction of eTemp effects varied 
over time, with a significant decrease observed in PO4
3-
 concentrations in April 2013 (-10%, 
P < 0.05), and an increase in February 2014 (+14%, P < 0.05). LMMcov also showed that soil 
moisture (P < 0.01) and temperature (P < 0.001) were strongly associated with PO4
3-
 with 
higher concentrations at higher moistures and lower temperatures. 
 
4.4.4 N and P turnover 
Of the total inorganic N (i.e. NO3
-
 and NH4
+
) pool in the soil, 95% was derived from NO3
-
 
(Fig. 4.4a and b), with nitrification representing the vast majority of N mineralisation in the 
treatment chambers (Fig. 4.5a and b). There was little evidence of an overall warming effect 
on net nitrification and N mineralisation rates. Nevertheless, eTemp appeared to have 
negative effects in general, decreasing N mineralisation rates by 33% over the study period 
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compared to ambient chambers, with the largest reduction observed in January 2014 (-58%). 
LMMcov showed no evidence of effects of soil moisture or temperature on N mineralisation 
or nitrification. 
 
Fig. 4.5 Temporal change in (a) net nitrification, (b) N mineralisation and (c) P 
mineralisation rates (Mean ± 1.SE, n = 6). The vertical dotted line indicates when plants were 
planted into chambers within chambers (18
th
 March 2013).  
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Repeated-measures ANOVA did, however, reveal a significant, positive effect of 
warming on P mineralisation rates (Fig. 4.5c, F1, 10 = 8.37, P < 0.05). These were consistently 
higher, with values 98% under eTemp compared to ambient chambers over the study period. 
LMMcov indicated that moisture (Table 4.1, P < 0.1) and temperature (P < 0.001) were 
positively associated with P mineralisation rates. It also found a significant Temp x Tsoil 
interaction (P < 0.05), indicating that the degree of seasonal fluctuations of P mineralisation 
rates in responses to seasonal changes in soil temperature was relatively smaller at eTemp 
than in ambient treatment. 
 
4.4.5 Dissolved inorganic N, P and organic C (DOC) in soil solution 
Repeated-measures ANOVA showed no evidence of warming effects on any of dissolved 
NO3
-
, NH4
+
 and PO4
3-
 concentrations in soil solution at both depths, but there was a 
significant Time effect, indicating substantial variation between sampling events (Fig. 4.6a, b, 
c, e, f and g). Concentrations of NO3
-
 and NH4
+
 rapidly increased between September and 
October 2013 in the shallow layer, whereas PO4
3-
 generally decreased over the study period 
in both shallow and deep layers. Concentrations of NO3
-
, NH4
+
 and DOC in the deep layer 
were substantially smaller than those in the shallow layer, implying little nutrient leaching 
from the surface soils. LMMcov showed no evidence of soil moisture or temperature effects 
on NO3
-
concentrations, whereas NH4
+
 concentrations were associated with temperature 
(Table 4.1, P < 0.001). There was an also significant Temp x Moist interaction (P < 0.05); 
soil moisture was negatively associated with NH4
+
 concentrations, but the slope for eTemp 
was shallower than that for ambient treatment. PO4
3-
 concentrations were negatively 
associated with moisture (P < 0.05) and positively with temperature (P < 0.01). 
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Fig. 4.6 Temporal changes in concentrations of dissolved NO3
-
, NH4
+
, PO4
3-
 and DOC in soil 
solution in the shallow (a, b, c and d) and deep layers (e, f, g and h; Mean ± 1.SE, n = 6). The 
vertical dotted line indicates when plants were planted into chambers (18
th
 March 2013).  
eTemp significantly increased concentrations of DOC in the shallow layer by 32% 
compared to ambient treatment over the study period (Fig. 4.6d). Particularly large increases 
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in eTemp were observed in the later part of the study: October (+51%), December 2013 
(+54%) and January 2014 (+48%). As observed for NO3
-
 and NH4
+
, DOC substantially 
increased between September and October 2013 in the shallow layer. LMMcov showed that 
soil temperature was positively associated with DOC concentrations (Table 4.1, P < 0.001), 
and that there was also a significant Temp x Moist interaction (P < 0.05). Soil moisture was 
negatively correlated with DOC concentrations, but the slope for eTemp was shallower than 
that for ambient treatment. 
 
4.5 Discussion 
In the present study, eTemp significantly increased DOC in soil solution and enhanced 
net P mineralisation rates and availability, whereas it had no significant effect on (but 
generally decreased) N mineralisation rates and availability. Soil temperature and moisture 
were found to be important drivers of patterns in soil nutrient availability.  
Positive effects of eTemp on P cycling may be caused by the direct enhancement of 
microbial kinetics and hence microbial respiration and decomposition of SOM by warming 
(MacDonald et al., 1995). Furthermore, increased P mineralisation rates may have been 
associated with higher levels of DOC in eTemp chambers. There are some reports showing 
that experimental warming causes plants to allocate C belowground and enhance root 
exudation of low molecular weight C compounds (Phillips et al., 2011; van Hees et al., 2005; 
Yin et al., 2013; Yin et al., 2008). Although direct measurements of root exudation rates were 
not made, this may have led to the observed increases in DOC concentrations under eTemp as 
the timing of the biggest increase in DOC (October 2013) coincided with a period of 
increased plant growth and assimilation rates (M. Aspinwall, pers. comm., July 2015). Root 
exudates supply microbes with labile C and enhance microbial decomposition of SOM (i.e. 
priming; Phillips et al., 2011; Qiao et al., 2014; van Hees et al., 2005), leading to 
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enhancement of turnover rates and associated nutrient availability (Drake et al., 2013a; Finzi 
et al., 2006; Lagomarsino et al., 2008; Langley et al., 2009; Larson et al., 2002). This may 
have contributed to the increased P mineralisation rates and P availability observed in the 
current study.  
Increased concentrations of DOC may also indicate the involvement of exudation of 
carboxylates by plant roots for the observed patterns of soil P. This has long been known for 
a wide range of plants, especially in soils of very low P availability – resulting in 
mobilisation of chemically-bound P and enhanced turnover of organic P pools (Gardner et al., 
1983; Hinsinger, 2001; Imas et al., 1997; Lambers et al., 2008, 2012; Shen et al., 2004). 
Extractable-soil PO4
3-
 concentrations were negatively related to soil temperature, in 
contrast to IEM-adsorbed PO4
3-
 concentrations and net P mineralisation rates. Whilst soil 
extraction is a snap-shot measurement of the pool sizes of inorganic nutrients, IEM is an 
integrating, continuous measurement and reflects both pool sizes and fluxes (Bowatte et al., 
2008; Qian & Schoenau, 2002). The former may not have captured eTemp-stimulated P 
turnover if the resulting inorganic P was quickly assimilated by plants. 
In contrast to commonly reported findings, eTemp was associated with slightly lower net 
N mineralisation rates and seasonally-dependent negative impacts on N availability, despite 
increased DOC concentrations. Nevertheless, overall inorganic N concentrations increased in 
warmer months, and were positively associated with soil temperature as has been observed in 
a wide range of previous studies (Dijkstra et al., 2010; Hovenden et al., 2008). The 
unexpected negative effects of temperature treatments on N dynamics might be a reflection of 
higher N uptake by plants associated with eTemp-stimulated growth rates, resulting in lower 
N availability. 
eTemp-induced increases in P mineralisation and availability and no change/decreases in 
N mineralisation and availability led to lower soil N:P ratios. Although eTemp treatment 
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effects were not significant, N:P ratios were negatively associated with actual measurements 
of soil temperature, suggesting that warming could drive changes in nutrient stoichiometry. 
One of the possible mechanisms for this was that P mineralisation was preferentially 
enhanced over N mineralisation under eTemp, reflecting soil stoichiometry. Lower ratios of 
total N:P in the WTC soil (3:1) relative to those in the nearby P-limited Eucalyptus woodland 
(<500 m from the study site; 11:1) suggested a potential N or NP co-limitation of plant 
growth in the present study (See also Chapter 2 and Crous et al., 2015). However, ratios of 
available forms of N:P in the WTC soil were much higher with a factor of 8 for IEM-
adsorbed nutrients and 19 for soil solution nutrients, respectively, compared to those for the 
adjacent woodland (See Chapter 2). Also, no evidence of N limitation was indicated in N 
content and photosynthetic rates in tree leaves (M. Aspinwall, pers. comm., July 2015). These 
imply that there seemed to be sufficient soil N in plant accessible forms, whereas soil P was 
relatively limited in the WTCs. There is some evidence that plants and microbes adjust their 
investment in C, N and P-mobilising enzymes such as phosphatase, to effectively acquire 
nutrients that most limit their growth; in other words, N:P ratios increase in N-limited sites 
but decrease under P-limitation (Lagomarsino et al., 2008; Mason et al., 2000; Treseder, 
2004; Treseder & Vitousek, 2001; Yin et al., 2013). Thereby, P turnover may have been 
preferentially enhanced over N under eTemp in the present study. 
In contrast to our findings, Dijkstra et al. (2012) and Zhang et al. (2014b) report eTemp-
induced reduction in soil P availability relative to N, i.e. increased N:P ratios, at N-limited 
sites in a northern mixed-grass prairie after 2-years of warming and in a paddy field during 
one growing season of warming, respectively. Dijkstra et al. (2012) attributed their findings 
to lower soil moisture under eTemp. This appeared to be consistent with the negative 
correlation between soil moisture and NO3
-
 availability observed in the present study. In 
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contrast to commonly observed trends, soil moisture was actually higher in eTemp chambers, 
which may have contributed to decreased N:P ratios in the present study.  
The observed higher soil moisture in eTemp chambers was probably caused by chamber 
effects on microclimates. When solar radiation and air temperature outside were high in 
spring and summer, temperature within WTCs became higher than outside. In order to cool 
down so that equalise the temperature inside of chambers with outside, the air exchange 
system worked more intensively, especially in ambient chambers to achieve the lower target 
temperature than eTemp chambers, drying the surface soil and resulting in lower soil 
moisture contents in ambient chambers.  
In the present study, negative effects of eTemp on inorganic N concentrations became 
increasingly large with time. Ultimately, such a phenomenon might lead to down-regulation 
of NPP, although there was no evidence of this in the 1-year over which the experiment was 
carried out (M. Aspinwall, pers. comm., July 2015). Soil nutrient status is one of the key 
determinants of the magnitude of ecosystem responses to climate change. Some studies 
suggest that projected increases in NPP driven by such climate change events as elevated 
temperature and increased CO2 concentrations may disappear over time due to increased 
nutrient demands and associated progressive nutrient limitation (Hungate et al., 2003; Luo et 
al., 2004; Reich et al., 2006a). 
 
Conclusion 
Taken together, eTemp increased plant investment of labile C belowground and enhanced 
turnover rates of soil nutrients in organic matter. P turnover seems to have been preferentially 
enhanced over N turnover due to its relatively limited availability and high soil N:P ratios of 
available forms of nutrients. Increased P availability could potentially support long-term 
eTemp-stimulation of plant growth and enhance C sequestration. However, although no N 
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limitation was indicated during the study period, eTemp-induced progressive reduction of N 
availability may eventually lead to constraint on plant growth. This study provides empirical 
evidence of soil nutrient, particularly P, dynamics under future predicted temperature (+3 ℃), 
indicating a great potential to influence the magnitude and persistence of global C responses 
to climate change. 
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5 Discussion 
5.1 Overview and key findings 
Forest ecosystems contribute substantially to biogeochemical processes on the Earth. 
Understanding their responses to climate change is essential to the prediction of future 
climate as they could accelerate or slow down rising levels of atmospheric CO2 
concentrations and associated temperatures depending on whether forest ecosystems become 
a sink or source of C. There is now a growing body of evidence suggesting that the 
magnitude and persistence of forest responses to eCO2 and eTemp are likely to rely on soil 
nutrient status, with the largest growth increases seen in experiments where nutrient 
availability is high (Hungate et al., 2003; Reich & Hobbie, 2013; Reich et al., 2006b). 
However, the so-called “First generation FACE experiments” (by Norby et al., 2015) located 
in Europe and the USA, have focussed on how N-limited, young forests respond to eCO2 for 
the past 20 years, with currently very little known about how nutrient-, particularly P-, 
limited, mature forests will respond to changing atmospheric CO2 concentrations. My 
research has started to address this knowledge gap with the aim of investigating the effects of 
eCO2 on soil nutrient dynamics and understorey plant community composition in a novel 
field CO2 exposure experiment in a mature, P-limited, native Eucalyptus woodland 
(EucFACE). In Chapter 2, I demonstrate seasonally-dependent positive effects of eCO2 on 
the availability and turnover of soil N and P over an 18-month period, with higher 
concentrations of DOC in soil solution and lower soil pH. Of particular note, P availability 
was enhanced to a larger extent than N, resulting in a decrease in N:P ratios in this 
demonstrably P-limited site (Crous et al., 2015). In Chapter 3, this thesis presents that eCO2 
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increased C3 plant species abundance compared to C4 species, with decreased overall species 
richness and diversity in the understorey community.  
In Chapter 4, this thesis also aimed to investigate the effects of eTemp on soil nutrient 
dynamics under using WTCs in which Eucalyptus tereticornis trees were grown. This 
demonstrates opposing effects of eTemp on soil N and P cycling: eTemp had no statistically 
significant effects on but decreased N turnover and availability, whereas it increased P 
turnover and availability. eTemp also significantly increased DOC in soil solution. 
 
5.2 Limitations 
A FACE facility is indeed an effective platform to investigate ecological responses to 
higher CO2 concentrations (Hendrey et al., 1999; Nösberger et al., 2006). However, one of 
the typical issues involved in such a large-scale, costly experiment is a limited number of 
replicates (i.e. n = 3 for each CO2 treatment at EucFACE), and hence the ability to detect 
treatment effects is often constrained especially when there is naturally substantial between- 
ring variation. Pre-CO2 data collected at the study site before CO2 treatment began on 18
th
 
September 2012 showed substantial spatial variation in soil nutrient status, soil moisture and 
in the understorey plant community. This might have made it difficult to detect CO2 
treatment effects. The largest proportion of variations in understorey plant community was 
found to be associated with soil conditions (i.e. moisture, organic C content and pH) in this 
study, highlighting the importance of the initial conditions. 
One of the greatest limitations of the WTC experiment was the size of chambers. They 
can certainly accommodate much large plants compared to conventional controlled chambers 
(Barton et al., 2010). However, the experiment could not be continued if subject trees reach 
the ceiling of WTCs (i.e. ca. 9 m). In the present study, the plants grew faster than predicted 
probably due to warm temperatures in the study year, and the experiment had to stop earlier 
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than originally planned. Although soil nutrient dynamics are known to substantially fluctuate 
not only seasonally but also yearly due to changes in annual precipitation and temperature, 
the present study could not capture yearly variation.  
Another significant limitation of WTCs is that subject trees within chambers are isolated 
from surrounding environments so that not subject to herbivory damage or resource 
competition (e.g. water, nutrients and light) with other plants. Extrapolation of single plant 
responses for future predictions may be problematic (Poorter & Navas, 2003); WTCs, 
however, are still one of the very few technics to accurately capture whole-tree responses to 
changing climates. 
 
5.3 Implications 
One of the most intriguing findings in this thesis is that both climate change factors (eCO2 
and eTemp) significantly increased soil P availability and shifted soil nutrient stoichiometry 
towards lower N:P ratios in a P-limited site. This suggests that there is a potential for 
increased soil P availability to support eCO2-stimulated plant productivity for at least short-
term. On the other hand, these results, particularly eTemp-induced decreases in soil N 
availability, suggest potential progressive N limitation (PNL) of NPP. If stimulated plant-
growth is sustained and more N is progressively assimilated into plant tissues and organic 
matter, this P-limited system is likely to eventually move towards N limitation (Luo et al., 
2004). 
Significantly higher concentrations of DOC in soil solution and lower soil pH (only 
confirmed at EucFACE) observed under eTemp/eCO2 in the present study may well be 
indicative of the involvement of 1) priming of SOM and 2) a release of organic acids and/or 
proton (H
+
) via plant roots for the observed enhancement of turnover and availability of P. 
The former involves microbial decomposition of SOM, and hence soil respiration rates are 
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also likely to be enhanced – an increase in soil CO2 efflux (+10%) at EucFACE was indeed 
observed (Drake et al., submitted). This may mean that even if NPP is sustained due to 
increased nutrient availability by eTemp/eCO2, increased C efflux driven by stimulated 
microbial and root respiration may counterbalance C input to plants; therefore this may not 
sequester C into ecosystems as much as expected (Gielen et al., 2005; Melillo et al., 2011). A 
release of organic acids and/or proton, on the other hand, does not involve microbial activity 
but mobilisation of chemically-bound P (Lambers et al., 2008, 2012). Hence this may 
increase net ecosystem C content. 
The understorey plant community at EucFACE was found to be strongly associated with 
soil chemical and physical conditions. Also the results from detailed soil analysis suggest 
lowered soil pH and enhanced decomposition of SOM under eCO2. Thus, plant physiological, 
morphological and biochemical responses to eCO2 will influence underlying soil chemistry 
and biological activity, which may, in turn, have feedbacks to the plant community, 
especially via resource competition. Plant-soil feedbacks may be important determinants of 
ecosystem properties and processes under climate change.  
No statistically significant difference in moisture and understorey light availability 
between CO2 treatments was observed during the 18-month study period. Log-term exposure 
to eCO2 may alter them and lead to a shift in the plant community. However, a lack of 
treatment effects on soil moisture and understorey light might be simply due to limited 
sample size to detect treatment effects. 
 
5.4 Future work 
eCO2/eTemp-induced increases in P availability and decreases in N:P ratios in an 
woodland are novel findings. The very next question is how long these treatment effects will 
last and whether the observed magnitude of changes will result in feedbacks (positive or 
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negative) to plant and ecosystem C storage. Both eCO2 and eTemp studies suggest DOC as a 
key mechanism for the observed alteration of nutrient cycling. In order to reveal the 
underlying mechanisms, qualitative analysis of DOC is essential. Moreover, these 
mechanisms are likely to involve in intricate plant-soil interaction, hence investigation into 
rhizosphere is also necessary.  
Although no obvious difference in the understorey plant community was found between 
CO2 treatments in the present study at EucFACE due to the initial spatial variation, whether 
the observed shift towards higher C3:C4 ratios will eventually lead to a different plant 
community under eCO2 remains uncertain. Also, plant community responses to eCO2 often 
highly depend on water availability or precipitation (Morgan et al., 2004b); this might be why 
there was no CO2 effects observed during the survey years. Therefore, a long-term 
continuous monitoring of nutrient dynamics and the understorey plant community at 
EucFACE is indeed required. 
Furthermore, although some global C models from the recent studies predict serious 
constraints on terrestrial NPP and C storage in the future under NP co-limitation (e.g. Reed et 
al., 2015; Wieder et al., 2015; Zhang et al., 2014a), some models are built on the basis of 
untested assumptions. The empirical evidence for how N and P cycles work in the field under 
future climatic conditions obtained in this thesis is to be incorporated in land-surface models. 
 
5.5 Conclusion 
Early results from EucFACE and WTC experiments suggest that increased plant 
investment in belowground C under eCO2 and eTemp is driving the observed increases in P 
availability decreased N:P ratios in the soils. Also initial EucFACE results suggest an eCO2-
induced shift in understorey plant community towards higher C3:C4 ratios, with decreased 
diversity. EucFACE is the very first study to investigate ecological responses in an extremely 
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P-limited, mature woodland, as such these findings are already providing us with novel 
insights into and empirical evidence of soil nutrient, particularly P, dynamics in a higher CO2 
and temperature world, suggesting that P-limited ecosystems have the great potential to 
influence global C cycling under future climate.  
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Appendix 
Table S1 Understorey species present in the EucFACE site. A/P represents “Annual or 
Perennial”. Plant functional group (PFG) for sedges and rushes were categorised as Grass in 
the analyses. 
Species name Family Form PFG Longevity Origin 
Ambrosia sp Asteraceae Forb Non-legume - Naturalised 
Anagallis arvensis L. Myrsinaceae Forb Non-legume Annual Naturalised 
Araujia sericifera Brot.  Apocynaceae Forb Non-legume Perennial Naturalised 
Aristida warburgii Mez Poaceae Grass C3/C4 Perennial Native 
Arthropodium sp Anthericaceae Forb Non-legume Perennial Native 
Aster subulatus Michx. Asteraceae Forb Non-legume Perennial Naturalised 
Axonopus fissifolius 
(Raddi) Kuhlm. 
Poaceae Grass C4_grass Perennial Naturalised 
Bidens pilosa L. Asteraceae Forb Non-legume Annual Naturalised 
Bidens subalternans 
DC. 
Asteraceae Forb Non-legume Annual Naturalised 
Bossiaea prostrata 
R.Br. 
Fabaceae Shrub Legume Perennial Native 
Breynia oblongifolia 
Müll.Arg. 
Phyllanthaceae Shrub Woody-plant Perennial Native 
Bursaria spinosa spp. Pittosporaceae Shrub Woody-plant Perennial Native 
Caesia parviflora R.Br. Anthericaceae Forb Non-legume Perennial Native 
Callitris sp Cupressaceae Tree Non-legume Perennial - 
Carex breviculmis R.Br. Cyperaceae Sedge C3_grass Perennial Native 
Centella asiatica (L.) 
Urb. 
Mackinlayaceae Forb Non-legume Perennial Native 
Cheilanthes sieberi 
kunze ssp. sieberi 
Pteridaceae Fern Non-legume Perennial Native 
Cinnamomum camphora 
(L.) Nees 
Lauraceae Tree Woody-plant Perennial Naturalised 
Cirsium vulgare (Savi) 
Ten. 
Asteraceae Forb Non-legume Perennial Naturalised 
Commelina cyanea R.Br Commelinaceae Forb Non-legume Perennial Native 
Conyza sumatrensis 
(Retz.) E.Walker 
Asteraceae Forb Non-legume Annual Naturalised 
Cymbopogon refractus 
(R.Br.) A.Camus 
Poaceae Grass C4_grass Perennial Native 
Cynodon dactylon (L.) 
Pers. 
Poaceae Grass C4_grass Perennial Naturalised 
Cyperus flaccidus R.Br. Cyperaceae Sedge C4_grass A/P Native 
Desmodium 
rhytidophyllum F.Muell. 
Ex Benth. 
Fabaceae Forb Legume Perennial Native 
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Species name Family Form PFG Longevity Origin 
Dianella longifolia 
R.Br. 
Phormiaceae Forb Non-legume Perennial Native 
Dichelachne micrantha 
(Cav.) Domin 
Poaceae Grass C3_grass Perennial Native 
Dichondra repens 
J.R.Forst. & G.Forst. 
Convolvulaceae Forb Non-legume Perennial Native 
Digitaria sp Poaceae Grass C4_grass Perennial - 
Drosera sp Droseraceae Forb Non-legume Perennial Native 
Echinopogon 
caespitosus C.E.Hubb. 
var. caespitosus 
Poaceae Grass C3_grass Perennial Native 
Entolasia sp Poaceae Grass C3_grass Perennial Native 
Eragrostis brownii 
(Kunth) Nees ex Wight 
Poaceae Grass C4_grass Perennial Native 
Eragrostis curvula 
(Schrad.) Nees 
Poaceae Grass C4_grass Perennial Naturalised 
Eragrostis leptostachya 
(R.Br.) Steud. 
Poaceae Grass C4_grass Perennial Native 
Facelis retusa (Lam.) 
Sch.Bip. 
Asteraceae Forb Non-legume Perennial Naturalised 
Fimbristylis dichotoma 
(L.) Vahl 
Cyperaceae Sedge C4_grass Perennial Native 
Galium propinquum 
A.Cunn. 
Rubiaceae Forb Non-legume A/P Native 
Gamochaeta sp Asteraceae Forb Non-legume A/P Naturalised 
Glycine sp Fabaceae Forb Legume Perennial Native 
Hydrocotyle 
peduncularis R.Br. ex 
A.Rich. 
Araliaceae Forb Non-legume Perennial Native 
Hydrocotyle 
peduncularis R.Br. ex 
A.Rich.  
Araliaceae Forb Non-legume Perennial Native 
Hypericum gramineum 
G.Forst. 
Hypericaceae Forb Non-legume A/P Naturalised 
Hypochaeris radicata L. Asteraceae Forb Non-legume Perennial Naturalised 
Hypoxis hygrometrica 
Labill. 
Hypoxidaceae Forb Non-legume Perennial Native 
Juncus continuus 
L.A.S.Johnson 
Juncaceae Rush C3_grass Perennial Native 
Lachnagrostis filiformis 
(G.Forst.) Trin.  
Poaceae Grass C3_grass A/P Native 
Laxmannia gracilis 
R.Br. 
Anthericaceae Forb Non-legume Perennial Native 
Leontodon taraxacoides Asteraceae Forb Non-legume Perennial Naturalised 
Leptospermum sp Myrtaceae Shrub Woody-plant Perennial - 
Ligustrum sinense Lour. Oleaceae Shrub Woody-plant Perennial Naturalised 
Microlaena stipoides 
(Labill.) R.Br. 
Poaceae Grass C3_grass Perennial Native 
Olea europaea L. Oleaceae Tree Non-legume Perennial Naturalised 
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Species name Family Form PFG Longevity Origin 
Opercularia diphylla 
Gaertn. 
Rubiaceae Forb Non-legume Perennial Native 
Oplismenus aemulus 
(R.Br.) Roem. & Schult. 
Poaceae Grass C3_grass Perennial Native 
Oxalis articulata 
Savigny 
Oxalidaceae Forb Non-legume Perennial Naturalised 
Oxalis perennans Haw. Oxalidaceae Forb Non-legume Perennial Native 
Ozothamnus 
diosmifolius (Vent.) DC. 
Asteraceae Shrub Woody-plant Perennial Native 
Parsonsia straminea 
(R.Br.) F.Muell. 
Apocynaceae Forb Non-legume Perennial Native 
Paspalidium distans 
(Trin.) Hughes 
Poaceae Grass C4_grass Perennial Native 
Paspalum dilatatum 
Poir. 
Poaceae Grass C4_grass Perennial Naturalised 
Philydrum lanuginosum 
(Banks & Sol.) Gaertn. 
Philydraceae Forb Non-legume Perennial Native 
Phyllanthus sp Phyllanthaceae Forb Non-legume Perennial? - 
Poranthera microphylla 
Brongm. 
Phyllanthaceae Forb Non-legume Annual Native 
Pratia purpurascens 
(R.Br.) E.Wimm. 
Campanulaceae Forb Non-legume A/P Native 
Romulea sp Iridaceae Forb Non-legume Perennial Naturalised 
Rosulabryum sp Bryaceae Moss Moss - - 
Rubus parvifolius L. Rosaceae Shrub Woody-plant Perennial Native 
Schoenus apogon Roem. 
& Schult. 
Cyperaceae Sedge C3_grass Perennial Native 
Senecio 
madagascariensis Poir. 
Asteraceae Forb Non-legume Perennial Naturalised 
Setaria parviflora 
(Poir.) Kerguelen 
Poaceae Grass C4_grass Perennial Naturalised 
Sida rhombifolia L. Malvaceae Shrub Woody-plant Perennial Native 
Sisyrinchium sp Iridaceae Forb Non-legume - Naturalised 
Solanum nigrum L. Solanaceae Forb Non-legume Perennial Naturalised 
Sonchus oleraceus L. Asteraceae Forb Non-legume Annual Naturalised 
Taraxacum officinale  
Weber 
Asteraceae Forb Non-legume Perennial Naturalised 
Themeda australis 
(R.Br.) Stapf 
Poaceae Grass C4_grass Perennial Native 
Tricoryne simplex R.Br.  Anthericaceae Forb Non-legume Perennial Native 
Vernonia cinerea (L.) 
Less. Var. cinerea 
Asteraceae Forb Non-legume Perennial Native 
Viola betonicifolia Sm. Violaceae Forb Non-legume Perennial Native 
Wahlenbergia gracilis 
(G.Forst.) A.DC. 
Campanulaceae Forb Non-legume Perennial Native 
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Fig. S1 Abundance of each of understorey species observed in EucFACE in September + 
December 2012 (Year0), January 2013 (Year1) and January 2014 (Year2) (Mean ± 1.SE, n = 
3). 
 
